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ABSTRACT 
A clinically-isolated Escherichia coli strain HK31 was found to 
produce a type-II restriction enzyme Ec6HK2>\l. This enzyme is an Eael 
isoschizomer which recognizes and cleaves a degenerate sequence 5 ' - Y N I G G C C R -
3，(where Y = C or T, R = A or G), producing a 4-nucleotides 5'-protruding end. 
The optimal reaction conditions of EcdHKl> II were: lOmM Tris-HCl (pH7.9), 
lOmM MgCl2, 50mM NaCl and ImM DTT at 37°C. 
The complete restriction and modification (R-M) system of 
£coHK31I with an insert size of 2.3-kbp was cloned to a pBR322 vector. The 
method for screening of the R-M system was based on the expression of the 
methyltransferase gene in recombinant plasmids resistant to in vitro digestion of 
Eael. A 2.1-kbp fragment carrying the complete R-M system of £'coHK3 II was 
subcloned into pUC19 for protein expression and DNA sequencing. Both strands 
of the R-M system were sequenced. Two large open reading frames (ORFs) which 
translated convergently with 14 nucleotides overlapping were found. Based on the 
enzyme activity in various deleted subclones and N-terminal sequence 
determination, an ORF of 319 aa was assigned as ecdHK2 IIR, and an ORF of 316 
aa was assigned as ecdHK3 IIM. Consensus -3 5/-10 regions were found upstream 
of the ecoHKli IIR and the ^coHK3 IIM genes. Upon the purification of 
M.EcoEK3 II, a polypeptide of 176 aa which translated in an alternate ORF of 
ecdHK3 IIM was consistently associated with M.EcoHK311. 
Initial rate kinetic assays were performed for M.£'coHK3 II in the 
presence of these two polypeptides. At 37�C，the Km values for pWM2372 DNA 
and S-adenosylmethionine were 2.0nM and 0.58^M, respectively. The Kcat value 
was 3 min\ 
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The ecoHK31IR was subcloned into pTrc99A using mutagenic 
PGR. The yield ofR.£coHK31I was about 12，000U/g which was 27-fold higher 
than inE coli HK31. The native molecular weight (MW) ofR.^coHK31I by gel 
filtration chromatography was 65,000±3,000Da which was in dimeric form. Its pi 
value was about 7.5. The two polypeptides with 316 aa and 176 aa in the 
^coHK3 IM gene were assigned polypeptides a and P, respectively. Polypeptides 
a and P were separately expressed in a T7 RNA polymerase driven vector pET3a 
and purified to homogeneity. Their denatured molecular weights were 38 and 
23KDa, and pi values 8.7 and 6.8，respectively. In vitro methylation of DNA 
required the two proteins co-exit in solution. In the presence of polypeptide P，the 
rate of DNA methylation by polypeptide a increased about 25.5-fold. 
No DNA or aa sequence similarity were found between 
ecoHK3lIK and ecoHK3lJMa or p. However, the a polypeptide of 
M.EcoUK3 II was highly similar to other 5-cytosine methyltransferases (m5C-
MTases). Polypeptide a contains conserved motifs I - VIII and X and a putative 
variable region. Motif IX is found in polypeptide P. We propose that polypeptide 
(3 was probably evolved from two frameshift mutations flanking the conserved 
motif IX. 
M.£coHK3 II polypeptide a and MJIkal contained consensus 
sequences DKQGQGER and GKGGQGER in the variable region, respectively. 
This region in M.Hhal is responsible for target recognition. Structural-modeling 
of M.EcoBK3ll polypeptide a with M.Hhal showed the side chain of Gin-193 
(underlined) in polypeptide a points towards 06- of the first guanine base in the 
recognition sequence YGGCCR. By using overlapping mutagenic PGR, a mutant 
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Restriction and modification (R-M) systems, commonly found in 
micro-organisms, consist of two enzymes: an endonuclease that recognizes and 
cleaves a specific DNA sequence, and a methyltransferase that modifies the same 
sequence to protect the host chromosome from cleavage. These enzymes also play 
an important role in genetic engineering and provide insight into the basis of 
sequence-specific DNA-protein interactions. To date, about 2500 restriction 
enzymes are known (Roberts and Macelis, 1994) and some of them are being 
subjected to biochemical and genetic studies which, when combined with X-ray 
crystallographic analysis, promise to provide detailed models for mechanisms of 
DNA recognition and catalysis. 
1.1 The Phenomenon of Host-controlled Restriction 
Many bacteria contain enzymatic systems that act to restrict the 
expression of foreign DNA introduced through phage infection, conjugation, or 
transformation. This phenomenon of host-controlled specificity was first described 
by Luna and Human (1952), who studied T-even phages, and by Bertani and 
Weigle (1953), who investigated the restriction of the host ranges of lambda and 
P2 phages. It was observed that a particular phage could have widely different 
efficiencies of infection on several closely related bacterial strains, but when phages 
that had initially plated with low efficiency were replated on the same bacterial 
strain, the efficiency of infection increased dramatically. This modification of host 
range was not a hereditary genetic adaptation, however，since it could be lost by 
subsequent propagation of the phage in another bacterial strain. 
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It was subsequently shown that the host-specificity system 
described by Luria and Human was unique to the T-even phages, whereas the 
system described by Bertani and Weigle was more widespread. Further 
investigation of lambda phage host specificity by Arber and co-workers (Arber and 
Dussoix, 1962; Dussoix and Arber, 1962) led to the hypothesis of a molecular 
mechanism in which special DNA sequences are acted upon by appropriate 
restriction and modification enzymes. Foreign DNA that happens to contain such 
specific sequences is cleaved by a restriction endonuclease upon entering the cell. 
When these same sequences exist in the bacterium's own DNA, however, they are 
protected by a modification methylase that imparts methyl groups to bases within 
the sequences, rendering them resistant to endonuclease action. 
This hypothesis was substantiated in the late 1960s when restriction 
endonucleases from the E. coli K and B were discovered and isolated in highly 
purified form. These nucleases were genetically identified as the restriction 
enzymes and observed to be complex in terms of cofactor requirements, subunit 
composition, and interactions with the DNA substrate. Other restriction enzymes 
were soon isolated from other bacteria such as Haemophilus influenzae (Smith and 
Wilcox, 1970; Kelly and Smith, 1970). Many of these endonucleases have 
distinctly different properties from those of the E. coli B and K nucleases (type I)， 
and are distinguished as two additional types (types II and III) of restriction 
endonucleases. Whether all of these latter enzymes function in situ in a restriction 
capacity is not clear. 
1.2 Classification of Restriction and Modification Systems 
1.2.1 Type I Restriction-Modification Systems 
Type I R-M systems were among the first discovered. They are 
biochemically complex. The active enzymes are comprised of multi-subunit 
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protein complexes encoded by three hsd genes: R (restriction), M 
(methyltransferase or modification), and S (specificity). Mutations in the R gene 
abolish restriction but permit methylation, mutations in the M gene abolish 
methylation and the cell is non-viable unless an or iS' mutation is present, and 
mutations in S abolish both restriction and modification. The three encoded 
subunits associate into R2M2S complexes that have endonuclease， 
methyltransferase and ATPase activities or M2S complexes with methyltransferase 
activity. Type I R-M systems require Mg2+，ATP, and AdoMet as cofactors. The 
recognition sites for type I R-M systems are nonpalindromic, comprised of two 
domains of specific sequence separated by a spacer of defined length but non-
specific sequence. For example, the EcdK system recognizes 5 ‘ -AACNeGTGC-S ‘. 
The preferred substrate for type I methyltransferases (MTases) is hemi-methylated 
DNA, which is modified roughly 100-fold faster than unmethylated DNA. The 
endonuclease activity recognizes the unmethylated substrate and then translocates 
in an ATP-dependent fashion to the cleavage site, located up to several thousand 
base pairs away from the recognition site. The products are not cleaved at a 
defined position. Studier and Bandyopadhyay (1988) proposed a model in which 
type I restriction enzymes cleave when two enzymes, translocating towards each 
other from different sites collide (Fig. 1.1). 
Type I systems was classified into lA, B and C by techniques such 
as DNA hybridization or immunological methods. Within families, genetic 
complementation occurs and the structural genes have much homology. Between 
families, there is neither genetic complementation nor similarity of the structural 
genes (Heitman, 1993). 
1.2.2 Type n Restriction-Modification Systems 
Type II systems are the simplest and the most common. The 
endonucleases and methyltransferases are separate proteins. The recognition 
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sequences are essentially symmetric. They comprise four to eight specific 
nucleotides (nt), but they may include additional nt in the form of non-specific 
interruptions. Several type II enzymes (BspML, Hpall, Eco?ll, Nael, Narl and 
^acll) require activator DNAs in cis or trans to promote efficient cleavage 
(Heitman, 1993) (Fig. 1.1). Cleavage requires Mg2+ and occurs symmetrically 
within the sequences. Modification of DNA requires AdoMet as cofactor. The 
endonucleases are believed to act mainly as homodimers，the methyltransferases as 
monomer. In some systems, two methyltransferases are found (Aqid, Karreman 
and de Waard, 1990; Mbol, Ueno et al, 1993; Dpnl, Dpnll, de la Campa et al, 
1987; Alwiei, Eco2l\ Esp2>l, Bitinaite et al., 1992). The latter three enzymes 
were classified as Type lis (Szybalski et al., 1991). The recognition sequence of 
Type lis are asymmetric, uninterrupted, four to seven nt in length. The cleavage 
site is at a defined distance - up to 20 nt - to one side of the sequence. Type lis 
endonucleases are larger than type II endonucleases, and probably act as monomer. 
Modification such as Hgal (Sugisaki et al., 1991) is sometimes carried out by two 
methyltransferases, one for each strand. 
1.2.3 Type i n Restriction-Modification Systems 
The type III enzymes constitute the smallest class of restriction 
systems with only four known members. Some type III enzymes are better 
characterized. The EcoVl and EcoVlSl genes are carried by the E. coli phage PI 
and the related P15 defective prophage, HinfHI is found in Haemophilus 
influenzae strain Rf, and ^O^LTI is chromosomally coded in many Salmonella 
species (Roberts and Halford, 1993). Type III enzymes are coded by two 
contiguous structural genes called mod and res (lida et al, 1983). The mod gene 
product recognizes the DNA sequences specific for the system and is, in addition, 
a modification methylase. The res gene product alone has no enzymatic activity, 
but forms a complex with the mod gene product and is essential for restriction. 
Type III restriction enzymes characteristically recognize DNA sequences five to 
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six nucleotides in length that lack symmetry and cleave the DNA 25-26 base pairs 
downstream from the sequence. Cleavage requires ATP, and is stimulated by 
AdoMet. Only one strand of the recognition sequence becomes methylated, in 
apparent violation of the rule that both strands must be methylated to preserve 
modification during replication. However, cleavage takes place only when two 
unmodified sties are present in the DNA, in opposite orientation (Meisel et aL, 
1992) (Fig. 1.1). 
Nae I 
——AX^N N N N N NIG T G Cl—— GCCGGC -"""CAGCAG CTGCTG 
——TTGNNNNNN|CACG|—— CGGCCG GTCGTC GACGAC 
Q O 
Recognition Sites ds-activator t=gvai�f 
Cleavage a! enzyme - enzyme collision Cleavage ^^^^^ 
cleavage no cleavage 
EcoK (type I ) EcoRII/Nae I (type I I ) E C O P I S (type I I I ) 
Fig. 1.1 Restriction endonucleases require two sites for cleavage. At 
least one member of each type of R-M system has been found or suggested to 
require two recognition sites for cleavage. (A) type I enzymes may cleave at 
collisions between two enzyme-DNA complexes. (B) several type II enzymes 
require activator DNAs in cis or trans to promote efficient cleavage. (C) type III 
EcoPIS requires two inverted (head-to-head or tail-to-tail) recognition sites. 
1.2.4 Type IV Restriction-Modification Systems 
Two special restriction enzymes EcoSll (recognition sequence 
CTGAAG) and Gsul (recognition sequence CTGGAG) (Petrusyte et al., 1988) 
have been isolated. They recognize asymmetric sequences and cleavage occur at 
the same distance (16/14) from the recognition sites. Moreover, both enzymes are 
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stimulated by AdoMet in restriction reaction, making them similar to the type III 
enzymes. However, both enzymes require Mg2+ as cofactor that distinguish them 
from typical type III enzymes. It has been suggested that these should be classified 
as type IV restriction enzymes (Janulaities et al., 1992), although this has not. yet 
been widely accepted (Roberts and Halford, 1993). 
1.3 Occurrence of Restriction-Modification Systems 
Over the years, many species of bacteria have been examined for 
the presence of restriction endonuclease，and they appear in all genera examined. 
Approximately one in four of all bacteria examined appear to have one or more 
type II restriction enzymes present. Sometimes multiple systems are found, the 
current record being six in Dactylococcopsis salina (Laue et al., 1991). Among 
the strains lacking detectable type II systems, it is likely that type I and/or type III 
systems are present, but it is much more difficult to assay these systems in vitro 
and so their presence would not have been detected. 
To date, about 2500 restriction enzymes are reported including 19 
different type I specificities, 198 different type II specificities and 4 different type 
III specificities (Roberts and Macelis，1994). Among the type II restriction 
enzymes, 14 of the 16 possible tetranudeotide palindromes are now known; the 
two missing sequences are AT AT and TATA. Moreover, 55 of the 64 possible 
hexanucleotide palidromes are now known; the missing nine sequences are 
AAATTT, ATATAT, CGCGCG, CTATAG, TAATTA, TAGCTA, TATATA, 
TTATAA and TTGCAA (Roberts and Halford, 1993). It is becoming increasingly 
difficult to discover new specificities by random screening. In recent years, the 
rate of discovery has dropped to about eight new specificities per year. This is 
accompanied by a steady discovery of isoschizomers (enzymes that recognize the 
same DNA sequence as a previously discovered enzyme). Interestingly, there are 
now many examples of two restriction enzymes recognizing the same DNA 
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sequence but cleaving at different points within the sequence. These have been 
termed neoschizomers. 
1.4 Effect of Methylation 
The effect of site-specific methylation on restriction endonucleases 
have been reviewed (McClelland et al, 1994). Among known restriction systems, 
three types of methylations are used to provide protection against the cognate 
restriction enzyme: N6-methyladenine, N4-methylcytosine, and 5-methylcytosine. 
There is no way to predict which kind of methylation will be used or whether 
methylation of any given base in the recognition sequence will provide protection. 
Knowledge of the sensitivity of restriction endonucleases to site-specific 
modification can be used to study cellular DNA methylation. Several restriction 
enzymes share the same recognition sequence specificity, but have different 
sensitivities to site-specific methylation. 
Site-specific methylation can interfere the binding of restriction 
endonucleases. Based on the EcoRL DNA co-crystal structure (McClarin et al., 
1986)，methylation of either adenine (G^'AATTC or GA'"'ATTC) perturbs 
essential hydrogen bond contacts to Glu-144 and Arg-145. Therefore 
aminomethylation of either adenine inhibits DNA cleavage at the level of ^'coRI: 
substrate binding (Brennan et al., 1986). 
1.5 Alternation of Recognition Specificities 
Most of the restriction enzymes recognize sequences of 4 to 6bp 
long. Although these enzyme are useful in manipulating recombinant DNA, they 
are not suitable for generating large DNA fragments. In many instances, it is 
preferable to have fewer but longer DNA strands, especially during genome 
mapping. So far, only «16 restriction endonucleases with recognition sequences 
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>6bp (rare cutters) have been identified. The function ofR-M system is to protect 
the host against phage infection. Since the phage genomes are usually small, it is 
reasonable to find out the recognition site of restriction enzymes are usually small 
because these sites occur more often in the phages. Several independent strategies 
have been devised to produce and manipulate large DNA segments. These 
strategies included cross protection by DNA methyltransferase (Nelson et al., 
1984)，i^ecA-assisted restriction endonuclease (RARE) cleavage (Ferrin and 
Camerini-Otevo, 1991)，site-specific cleavage mediated by triple-helix formation 
(Chu and Orgel，1985; Strobel et al., 1991)，site-specific cleavage of duplex DNA 
by chemically cross-linking X repressor to staphylococcal nuclease (Pei and 
Schultz, 1990)，and Achilles' heal cleavage (Koob, 1992; Koob et al., 1988; Kur et 
al., 1992). 
1.5.1 Cross Protection by DNA Methyltransferase 
DNA methyltransferases are commonly used to alter the apparent 
recognition specificity of restriction endonucleases. Unique cleavage specificities 
are created in vitro by modifying DNA at specific subsets of the recognition 
sequence of a restriction endonuclease. This can be done by DNA MTases which 
act on only one of the degenerate sequences. Or, modification by DNA MTases 
overlaps at the boundaries of the recognition sequence of the ENases. These 
modified sequences are resistant to cleavage by the ENases. 
Site-specific cleavage of DNA at longer DNA sequences can be 




when both strands are methylated at adenine. Using the sequence-specific 
modification MTases M.Taql (TCG"^A), MMboll (GAAG'"A), and M.Clal 
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(ATCG'"AT) enables selective cleavage of DNA by Dpnl at TCGATCGA, 
GAAGATCTTC, and ATCGATCGAT，respectively, in DNA which is otherwise 
uncuttable by Dpnl, 
1.5.2 RecA-Assisted Restriction Endonuclease (RARE) Cleavage 
Recent work by Ferrin and Camerini-Otero (1991) have found that 
recombinases such as the RecA protein can hybridize a single strand of any 
sequence (usually 30 to 60 bp long containing a EcoRI site at the center) to an 
intact duplex to form a novel DNA triplex. This complex is protected from EcoRI 
methylase; after methylation and RecA protein removal, EcoRI restriction enzyme 
cleavage is limited to the site previously protected from methylation. When pairs 
ofoliogonucleotides are used, a specific fragment can be cleaved out of genomes. 
1.5.3 Site-specific Cleavage mediated by Triple-helix formation 
It has been known for more than three decades that 
homopyrimidine and homopurine oligonucleotides can associate to a dsDNA in 
aqueous solution to form a stable 2:1 complex (Felsenfeld et a!.’ 1957; Felsenfeld 
and Miles, 1967). The third pyrimidine strand binds to the purine sequences in the 
major groove of duplex DNA to form a triple-helical structure, in which the third 
strand is parallel to the purine strand. Oligonucleotides conjugated with DNA-
cleaving agents such as Fe(II).EDTA (Chu and Orgel, 1985) has been shown to 
cleave ssDNA or dsDNA several nts near or within the oligonucleotide-binding 
site. This technique was further elaborated by Pei et al (1991) by coupling 
staphylococcal nuclease to the 5，terminus of a homopyrimidine oligonucleotides. 
Staphylococcal nuclease was able to selectively cleave both DNA strands of duplex 
DNA adjacent to a homopurine-homopyrimidine target sequence via triple-helix 
formation. Strobel et al (1991) have used a 16 base pyrimidine 
oligodeoxyribonucleotide (5,-Yi6TC-3，，where Y = 60% ^ V and 40% ""C) to 
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target a purine strand of a specific DNA duplex within more than 10 gigabase pairs 
of human genomic DNA. This triple-helix complex will protect the 3，purine half 
of the DNA from AM (AGCT) methylation. Subsequent digestion with Sstl 
(GAGCTC) only acted on the unprotected AM site which was overlapped with a 
Sstl site. The triple-helix formation has been generalized beyond purine tracts to 
mixed sequences containing all four base pairs. Cleavage at a single target site 
within megabase (Mb) DNA can be achieved. 
1.5.4 Site-specific Cleavage of Duplex DNA with a X repressor-
Staphylococcal Nuclease Hybrid 
Pei and Schultz (1990) reported the construction of a A. repressor-
staphylococcal nuclease hybrid protein capable of efficient hydrolysis of both linear 
and supercoiled duplex DNA. The repressor domain of the hybrid nuclease binds 
specifically to its recognition sequence (5，-TACCTCTGGCGGTGATA-3，)，X 
operator site or OLI, and delivers the nuclease activity to DNA sequences adjacent 
to the repressor binding site. Upon addition of Ca】.，the nuclease selectively 
hydrolyzes both DNA strands at the target region. 
1.5.5 Achilles' heal Cleavage 
Szybalski and co-workers have designed a restriction 
endonuclease/methylase/repressor system, designated as Achilles' heel, to extend 
the effective recognition sequence of a restriction enzyme (Koob et aL, 1988). 
The DNA to be cleaved was treated with a DNA-binding protein such as the X 
repressor and then treated with a MTase that had the same recognition sequence as 
the ENase to be used for cleavage. All restriction sites were methylated except the 
one that overlapped the repressor-binding site. Removal of the repressor and 
subsequent addition of the appropriate ENase resulted in cleavage at the protected 
site. 
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1.5.6 Chimeric Restriction Endonuclease 
Kim and Chandrasagaran (1994) reported the construction of a 
chimeric restriction endonuclease by linking the cleavage domain (FN) of Fokl 
restriction endonuclease to the Drosophila Ultrabithorax homodomain (Ubx). The 
hybrid enzyme, Ubx-Fw, recognized 5，-TTAATGGTT-3，and cleaved 3 
nucleotides from the recognition site, whereas it cuts the complementary 5'-
AACCATTAA-3' strand 8，9，or 10 nt away from the binding site. By the same 
token, construction of hybrid enzyme may serve as a new tool on manipulating 
large eukaryotic genomes. 
1.6 Cloning of Restriction and Modification Systems 
1.6.1 Selection based on Modification 
The first restriction system was cloned in 1978 (Mann et aL, 1978), 
and since then, genes from more than 100 restriction systems have been cloned 
(Wilson, 1991). Much of the success in cloning these systems has come from a 
clever selection technique proposed by Mann et al (1978) and first used 
successfully by Szomolanyi et al (1980)�for the cloning of the 华RIM gene. 
DNA is obtained from an organism known to contain a restriction system and a set 
of shortgun clones is made in a vector that contains at least one site for the 
restriction enzyme. The resulting clones are grown as a mixed population and 
plasmid DNA is prepared. This mixed population of cloned DNAs is then treated 
in vitro with the corresponding restriction endonuclease. If one of the clones 
encodes the appropriate methyltransferase and if that methyltransferase is 
expressed in E. coli, it will protect the plasmid DNA encoding it against the action 
of the restriction enzyme. However, all other DNAs will be cleaved by the 
restriction enzyme and destroyed to an extent determined by the number of 
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recognition sites in the vector. Thus, following restriction enzyme cleavage of the 
mixed population and retransformation, any surviving clones would cany a 
functional methyltransferase gene. This, of course, is a prerequisite for the cloning 
of the restriction enzyme gene. At this point, nature has taken a hand. It turns out 
that as many as half of the clones carrying functional methyltransferase genes, 
embedded in large flanking sequences, co-express the cognate restriction enzyme. 
In fact, we now know that in every system that has been examined in detail, the 
methyltransferase gene and the restriction enzyme gene are located very close to 
each other. In some instances, they actually overlap. Thus, this powerful selection 
technique for methyltransferase genes turns out to be a general trick for cloning 
restriction enzyme genes as first reported for BsuKL (Kiss et al., 1985). 
1.6.2 Other Cloning Strategies 
Five other methods have also been adopted for cloning restriction 
and modification system into E. coli: (1) sub-cloning of natural plasmids; (2) 
selection based on phage restriction, (3) multi-step isolation, (4) cloning of 
methylase gene in API-200 and API-200-9 strains, and (5) direct cloning of 
restriction gene by ‘endo-blue’ method. 
1.6.2.1 Sub-Cloning of Plasmids 
Some R-M systems are coded in natural plasmids. The plasmid 
DNA can be purified prior to digestion and ligation, so reducing the complexity of 
the source DNA. Isolating the system then involves sub-cloning and characterizing 
a modest number of fragments, rather than preparing libraries and performing 
selections. Systems sub-cloned from natural plasmids include EcoRL, EcdBll, 
EcoKV, PaeRll and Pvull (Greene et al., 1981; Newman et al, 1981; Kosykh et 
al, 1980; Bougueleret et al, 1984; Theriault et al, 1982; Gingeras and Brooks, 
1983; Blumenthal et al； 1985). 
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1.6.2.2 Selection based on Restriction 
Cells that restrict are less susceptible to phage infection, and less 
efficient at plating phages, than are non-restricting cells. Two of the earliest 
systems to be cloned into E. coli, Hhall and Pst\, were isolated by restriction of 
phage X. Clones oi Hhall were identified by testing individual recombinants for 
their ability to restrict (Mann et al., 1978). Clones oiPstl were isolated selectively 
by their ability to survive infection (Walder et al, 1981). The method is not 
system-specific in the sense that, if the source bacterium possessed several R-M 
systems, phage will not, in general, distinguish among them. 
1.6.2.3 Multi-step Cloning 
During acquisition of a new R-M system, cells face an 
establishment problem. Unless the MTase has a head-start over the ENase，the cell 
is in danger of being restricted. E. coli appears to cope with this problem by 
repairing its DNA, and it is able to assimilate many cloned R-M systems without 
apparent trauma. Not all systems are easily assimilated, however. The Ddel and 
BamHI R-M systems could not be cloned in a single step; rather, three steps were 
required (Howard et al,, 1986; Brooks et al., 1988). (1) The M gene was cloned 
by in vitro selection; (2) the gene was manipulated to achieve full modification of 
the host; (3) the modified cells were used as recipients for the R gene in a separate 
round of cloning. 
1.6.2.4 Cloning in APl-200 and APl-200-9 strain 
Piekarowicz et al (1991) reported the construction of E. coli 
derivatives APl-200 and API-200-9 for rapid identification of recombinant 
plasmids carrying modification gene. These strains contain temperature sensitive 
McrA, McrB and Mrr phenotypes. Upon transformation of plasmid library into 
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these competent cells，plasmids carrying a methylase gene at nonpermissive 
temperature (30�C) induce modification-dependent restriction system to damage 
DNA. This in turn induce the SOS promoter located upstream of a lac operon. 
Consequently, clones that carry a functional MTase gene will produce blue color in 
the presence of lPTG and X-gal at 30°C. 
1.6.2.5 Direct Cloning of Restriction gene by 'endo-blue' method 
Fomenkov et al. (1994) reported the construction of a new E. coli 
strain {dinDl/JacZ", hsd, McrA^ McrBC, Mrr) for direct cloning of restriction 
endonuclease genes. Expression of restriction enzyme in dinDl v.lacZ^ host may 
produce DNA damage and induce SOS response in E. coli. This in turn triggers 
the production of |3-galactosidase from the fusion gene dinDl/JacZ'. 
Consequently, clones that expressing functional ENase to damage DNA will 
produce blue color in the presence ofX-gal. 
1.7 Genetic Location of Restriction-Modification Systems 
The genes for many type I systems from E. coli and various 
Salmonella species are located at 98.5min on the E. coli genetic map. These hsd 
genes are tightly clustered and organized into two transcriptional units, with hsdM 
and hsd S transcribed from a promoter in front of the hsd M gene; hsd R has its 
own promoter (Heitman，1993). 
Although some of the type II restriction systems such as JEcoBJ and 
EcoRII are known to be encoded on the plasmid, others are on the chromosome. 
One of the striking features of the genetic organization of the restriction systems is 
that in every case where both the restriction enzyme and the methyltransferase 
gene have been characterized, they lie close to one another (Wilson, 1991). 
Although this may reflect a bias of the cloning methods, it is not unexpected on 
14 
evolutionary grounds. In some systems such as BamHl, EcoRI and Pvull, the two 
genes are separated by a single small open reading frame，which has been shown to 
be involved in the control of expression of the system (Tao et al, 1991; Ives et al., 
1992). The proximity of the two genes immediately suggests some kind of 
coordinate expression either at the transcriptional level or at the translational level, 
but only rarely has this been examined. 
There are some clues to suggest that at least some of these systems 
are mobile. NgoVll from Neisseria gonorrhoeae (Sullivan et al, 1987) and MthTl 
from Methanohacterium thermoformicicum (Nolling and De Vos, 1992) both 
recognize the sequence GG>lCC and cleave as indicated. The genes for both 
restriction enzymes and methyltransferases have been sequenced, and they are 
strikingly similar, suggesting a common evolutionary origin. 
1.8 Sequences of Restriction-Modification Systems 
Sequences are now available for more than 60 restriction enzyme 
genes and 100 methyltransferase genes. No significant similarity has been detected 
between the methyltransferase genes and the restriction enzyme genes of any 
cognate system (Roberts and Halford, 1993). 
In type I R-M systems, the DNA and amino acid sequences of the 
hsd M and hsd R genes are highly conserved within a given family (Murray et al, 
1982; Daniel et aL, 1988; Gubler et al” 1992; Sharp et al, 1992). Sharp et al 
(1992) have compared the deduced amino acid sequences of hsd M genes and 
found that the proteins have on average 95% amino acids sequence identity. No 
extensive sequence homology is found between members of different families. 
However, the situation is quite different for the hsd S genes and proteins. 
Extensive regions of diverse sequences, one at the 5' end of the genes and the 
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other toward the 3，end，flanked by homologous regions was found (Cowan et al, 
1989) among different families. 
In type II R-M systems, the lack of sequence homologies between 
ENases and MTases can be explained by their mode of recognition. The 
restriction endonuclease usually acts as a dimer, only need to recognize half of the 
recognition sequence，whereas the methyltransferase usually acts as a monomer, 
must recognize the complete sequence. 
Among the MTase genes, there are very clear examples of sequence 
similarities. Thus, the mSC-MTases have a common architecture that has been 
well documented (Lauster et al., 1989; Posfai et al., 1989; Kumar et al., 1994). 
There are totally ten conserved motifs on a typical mSC-MTase, six of them are 
considered highly conserved (motifs I, IV, VI, VIII, IX and X). Two motifs have 
been assigned functional roles related to the common chemistry of these enzymes. 
Motifs I (FxGxG) of the mSC-MTases is similar to a weakly conserved motif 
shared by other AdoMet-dependent MTases (Klimasauskas et al., 1989; Ingrosso 
et al., 1989) and is presumed to be the cofactor binding site. Motif IV contains an 
invariant Pro-Cys dipeptide that is known to be part of the catalytic site. It 
contains the nucleophilic thiol proposed by Wu and Santi (1985), based on the 
analogy to thymidylate synthase (Santi and Hardy, 1987). The variable region 
(between motifs VIII and IX) is known to define the sequence specificity of both 
mono-specific and multi-specific mSC-MTases (Balganesh et al, 1987; Trautner et 
al, 1988; Wilke et al., 1988). This region is also responsible for the choice of the 
specific base to be methylated within the target sequence (Mi and Roberts，1992). 
The N6A-MTases and N4C-MTases also show similarities, 
although the architecture is less well pronounced than for the mSC-MTases 
(Klimasauskas et al., 1989; Lauster et al, 1989). For all DNA methyltransferases, 
the sequence similarities and identifying motifs are such that new genes can quickly 
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be identified by comparative methods. However, N6A-MTases and N4C-MTases 
cannot yet be unambiguously distinguished without experimentation. In contrast, 
the restriction endonuclease genes show no discernible sequence similarities except 
for a few isolated cases of isoschizomers that are extremely similar and clearly 
have a common evolutionary origin: for example, EcoRL and Rsrl, Taql and 
mHB8I , Mspl and BsuFi, and Pstl and BsuBl (Heitman, 1993). 
1.9 Catalytic Properties of Type n Restriction-Modification 
Systems 
Kinetic analyses of several restriction endonucleases and 
methyltransferases have been carried out. The most comprehensive studies have 
involved EcoRl. With the help of kinetic data, the mechanism of catalysis was 
proposed (Fig. 1.2 and 1.3) (Hager et al., 1990; Reich and Mashhoon, 1991). 
The reaction kinetics of EcoRI restriction endonuclease can be 
determined using covalently closed circles of supercoiled DNA, typically 3 to 6kb 
long. By determining the amounts of supercoil, open circle and linear form of 
DNA at various times during the reaction, the reaction kinetics of the enzyme can 
be found. The reaction kinetics of EcoRI methyltransferase can be determined by 
monitoring ^H-CHs transfer from labeled S-adenosyl-L-methionine to substrate 
DNA (Rubin and Modrich, 1977). 
The Km values obtained for EcoBJ restriction enzyme using various 
substrates under similar condition range from 3 to lOnM. The turnover number 
(Keat) for Ecom is low, ranging from 1 to 8min'^  (Hager et al, 1990). The Km 
and Kcat values ofEcoRl methyltransferase on linear plasmid DNA are 1.3nM and 
3min-i，respectively (Rubin and Modrich, 1977). However, these kinetic 
parameters would be varied somewhat depending on the size of the substrate and 
number of recognition sites within the substrate. 
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Fig. 1.2 Kinetic pathway of the EcoBI endonuclease. The first and 
second cleavage steps are labeled K2 and K3. S indicates the substrate DNA, S，is 
the nicked intermediate, and the linear product is S，，. The association and 
dissociation steps are more complex than indicated, since the enzyme locates its 
substrate sequence via facilitated diffusion (Terry et al., 1985). 
E E.AdoMet.DNA^^ E.AdoMet.DNA^ 
K 
\ J • 
E.AdoHcy F.DNA^^.AdoHcy z EAdoHcy-DNA*^ 
Fig. 1.3 Kinetic pathway of the methyltransferase. The enzyme 
binds randomly to flanking, or non-canonical DNA (DNA^^) and AdoMet to form 
a MTase.AdoMet.DNA^^ complex. This ternary complex is then converted to 
MTase.AdoMet .DNAC (canonical DNA, DNA�). The apparent order derives from 
the requirement for AdoMet to be bound prior to the conversion. 
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1.10 Crystallography of Type n Restriction and Modification 
Enzymes 
At present, crystal structure has been solved at high resolution for 
three restriction enzymes, EcoRI (Kim et al., 1990), EcoKW (Winkler et al., 
1993)，and BamBl (Strzelecka et al., 1994) and two m5C-methyltransferase, Hhal 
(Cheng et al., 1993; Klimasauskas et al,, 1994) and Haelll (Reinisch et al, 1994). 
One structure for EcoRL is solved as a DNA-protein complex 
containing the enzyme and a 12bp duplex in the recognition site in the absence of 
Mg2+ (Fig. 1.4) (Kim et al, 1990; Rosenberg, 1991). Upon soaking with either 
Mg2+ or Mn2+，the crystal cleaved the duplex DNA. For EcoKV, three structures 
are solved: the free protein in the absence of DNA; the protein bound to a lObp 
duplex with the EcoKV site, and the protein bound to an unrelated DNA (Winkler 
et al, 1993). The EcoKY restriction enzyme is currently the only system for 
which free, specific DNA-protein complex and a non-specific DNA-protein 
complex are all available. It is crucial because the secret to specificity lies in the 
different between cognate and non-cognated complexes. 
The current model for the complex of EcoKL with its DNA shows a 
dimeric protein with the DNA embedded into one side of the protein, spanning the 
dimer interface (Fig. 1.4). As expected, the complex has a single dyad axis relating 
the two subunits and the two halves of the palindromic DNA. At the dyad axis, 
the major groove of the DNA faces the protein. In each subunit, two arms extend 
from the main body of the protein to wrap around the DNA in the major groove. 
No part of the protein enters the minor groove. The amino acids that recognize 
the bases in the DNA come from different parts of the polypeptide and almost all 
of the amino acids that interact with the bases also interact with other amino acids 
at the DNA-proteins interface. The phosphodiester bond to be cleaved by EcoRI 
or EcoRV is surrounded by a proline, two acidic residues, and a lysine in the same 
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relative positions: in EcoRl, Pro-90, Asp-91, Glu-111, and Lys-113; in EcoRW, 
Pro-73, Asp-74, Asp-90，and Lys-92 (Selent et al., 1992; Winkler, 1992). 
Moreover, Rosenberg (1991) has showed that the Mg2+ ion lies between Glu-111 
in EcoRI and the phosphate of the cleaved bond by polarizing the phosphorus .ion 
and enhances its susceptibility to nucleophilic attack. Nevertheless，more work is 
needed to elucidate the details of the catalytic mechanism and to rationalize more 
kinetic data obtained with different substrate and mutant enzymes. 
The crystal structures of a m5 C-methyltransferase, Hhal with and 
without cognate DNA sequence have been solved recently (Fig. 1.5) (Cheng et aL, 
1993; Klimasauskas et al., 1994). Crystallographic studies showed that M.Hhal 
can be divided into three parts: the large and small domain and a hinge region 
connecting the two domains together. The large domain encompasses motifs I 
through VIII and most of motif X which includes the residues essential for 
catalysis and cofactor binding. The small domain oiMBhal is dominated by the 
variable region which begins as a stalk emanating from the large domain, traverses 
the length of the protein at its surface, and then folds to form the bulk of the small 
domain. The only conserved motif in the small domain is motif IX，which has 
many interactions with the variable region (Kumar et al.; 1994; Klimasauskas et 
al., 1994). DNA binds to M.Hhal in the cleft between the domains with its major 
groove facing the variable region in the small domain and its minor groove toward 
the protein's catalytic site in the large domain. The tip of the catalytic loop 
containing motif IV (Pro-Cys dipeptide) moves nearly 25A toward the cleft and 
into the minor groove of the DNA, at the same time pulling Cys-81 into the 
catalytic center. The target cytosine residue within the recognition site flips out on 
the minor groove side for methylation (Kumar et al, 1994). The gap left by the 
evicted base is filled by Gln-237 which infiltrates the DNA helix from one of the 
recognition loops in the small domain and provides hydrogen bonds to the orphan 
guanine residue to maintain the stacking of the helix. This reaction matches very 
well with the proposed kinetics by Wu and Santi (1987). Nucleophilic attack by a 
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Fig. 1.4 Crystal structure of the 五c<?RI-DNA complex. The DNA helix 
of sequence 5，-CGCGAATTCGCG-3，contains a EcoBJ site (underlined) and 
indicated in teal. Two identical subunits of^coRI that are related by a two-fold 
symmetry are indicated in orange and dark green. The twisted ribbons represent a 
helix, the arrows mark the P-sheets and the solid lines denote the loops that 
connect the helices and sheets (Kim et al., 1990). 
Fig. 1.5 Crystal structure of the MJIhal covalently bound to a 13-mer 
DNA duplex containing its recognition sequence. The end product of the 
reaction, AdoHcy is indicated in yellow, the protein is in brown, the DNA 
backbone is in magenta and the DNA bases are in green, and the active-site loop 
and the two recognition loops are in white (Klimasauskas et al., 1994). 
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cysteine residue on C6 of cytosine first leads to a covalent enzyme-DNA 
intermediate. The resulting carbanion at C5 then attacks the methyl group of the 
cofactor AdoMet, transferring the methyl group to C5 and leaving behind 
AdoHcy. Abstraction of the proton at C5，with subsequent p-elimination of the 
enzyme's thiolate finally yields the product, C5 methylated cytosine (Fig. 1.6). 
AdoMet AdoHcy^ -
L ^^^^^"S^H� 
. ( , 一 t Iq r 
^S-Enz I I 
^ DNA DNA DNA DMA ‘ 
“ - 一 . . . . .…_— ... 一 .一 ,.., ： 
Fig. 1.6 Schematic representation of the reaction pathway, based on 
the mechanism proposed by Wu and Santi (1985 and 1987) for the 
thymidylate synthase and tRNA-(uracil-5) methyltransferase. The attack on 
carbons 5 and 6 occurs from above or below the plane of the pyrimidine ring. 
1.11 Evolution of Type n Restriction and Modification Enzymes 
The type II restriction-modification systems pose interesting 
problems for the evolutionist. On one hand, the methyltransferases, especially the 
m5C-MTases, show strong conservation of sequence, suggesting a common 
heritage (Lauster et al., 1989; Posfai et al., 1989). On the other hand, their 
counterpart restriction enzymes have no detected similarity at the primary 
sequence level, except for a few isoschizomers that may have a recent common 
progenitor. However, in almost all cases known, the genes for the restriction 
enzymes and their methyltransferases are tightly linked, suggesting a common 
evolutionary thread. 
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1.12 Aim of Study 
The initial goal of my study was to screen several clinically-isolated 
strains for novel ENases. In the course, I had come across an E. coli strain which 
produces £coHK31I, an isoschizomer of an expensive enzyme Eael. To use 
EcoY\K3 II as an alternative oiEael, I moved to clone the complete EcoHK3 II R-
M system. Selection was based on the recombinant plasmids resistant to in vitro 
digestion (Lunnen et al, 1988). The R-M system was sequenced and the ENase 
encoding gene was over-expressed and purified. Unexpectedly, the MTase 
encoding gene was found to split into two polypeptides. This phenomenon was 
confirmed and purification and characterization of these two polypeptides were 
achieved. Molecular model of M.EcoHK31I suggested that Gin 193 interacts with 
the first G residue in the recognition sequence YGGCCR. Gin 193 was changed 
to Gly by site-directed mutagenesis and its methylation activity was assayed. 
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CHAPTER TWO 
Materials and Methods 
2.1 Bacterial Strains 
Bacterial Strain Genotype Source 
BL21 (DE3) HsdSB (R"M") an E. coli B Prof. F.W. Studier 
strain with a X prophage 
carrying the T7 RNA 
polymerase gene 
DH5a HsdRM", recAl, endPA Our laboratory collection 
ER2169 (DE3) l^�McrC-Hsd-Mrr�an New England Biolabs, USA 
E. coli B strain with a X 
prophage carrying the T7 
RNA polymerase gene 
GM2163 McrA, McrB 1, dam, dcm New England Biolabs, USA 
JM109 (DE3) hsdKyC, reckl, endhX Promega 
E. coli K strain with a X 
prophage carrying the T7 
RNA polymerase gene 
K802 McrA, McrB 1，HsdKM Our laboratory collection 
RRl Mrr\ HscBM：, McfBC Our laboratory collection 
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2.2 General Techniques 
2.2.1 Phenol/Chloroform Extraction 
Phenol with 0.1% (w/v) hydroxyquinoline and 0.2% (v/v) p-
mercaptoethanol was equilibrated with TE (pH8.0). Chloroform was a mixture of 
chloroform:isoamyl alcohol (24:1). Phenol/chloroform (1:1，v/v) solution was. 
mixed with equal volume of DNA solution and vortexed for 1 minutes. Then two 
phases were separated by centrifligation and the protein was extracted out in the 
interface. Aqueous solution on the upper layer was carefully removed and saved. 
2.2.2 Ethanol Precipitation 
DNA solution was mixed with 0.1 volume of 5M NaCl and two 
volumes of absolute ethanol. After storage at -70�C for 30 minutes or overnight at 
-20�C，DNA was pelleted by centrifligation at 12，000xg for 20 minutes at 4°C. 
Supernatant was discarded and the DNA was washed with 70% ethanol. DNA 
was recovered by centrifligation and dried briefly in a SpeedVac (Savant 
instruments Inc.). It was dissolved in TE or distilled water at desire concentration. 
2.2.3 Spectrophotometry 
DNA solution was put into a 1cm path length cuvette and measured 
by Beckman Model DU7500 UV-VIS spectrophotometer at 260nm. A value of 
1.0 at 260nm was defined as SO i^g/ml dsDNA. The ratio of 260nm to 280nm was 
used to determine the purity. A value of 1.8 to 2.0 indicates a pure DNA 
preparation. Absorbance at 595iim was used in Bradford Assay on protein 
determination (section 2.2.16). 
• 
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2.2.4 Restriction digestion of DNA 
Lambda or plasmid DNA were digested with restriction enzyme in a 
reaction volume of 20 to lOO i^l at appropriate temperature and buffer as suggested 
by the suppliers. After 3 to 6 hours digestion, the enzyme was either heat 
inactivated (e.g. 65�C for 15 minutes) or extracted with equal volume of phenol, if 
necessary. Enzymes were purchased from various biochemical companies. 
2.2.5 Agarose Gel Electrophoresis of DNA 
DNA samples were mixed with 6x gel-loading buffer (Appendix A) 
to a final concentration of Ix. The gel was prepared from 0.6-1.5% agarose (Bio-
Rad) and dissolved in Ix TBE (Appendix A). Ethidium bromide was added to a 
final concentration of O.S^g/ml before setting. After the samples were loaded, a 
constant voltage of 4V/cm was applied to a gel tank containing Ix TBE buffer. 
When the electrophoresis was finished, DNA was visualized with spectroline 
Model TC-302UV transilluminator (302nm) and the image was captured in 
Polaroid 667 instant films using a Polaroid MP-4 instant camera. 
2.2.6 Recovery of DNA fragment from Agarose gel 
DNA fragments were recovered from agarose gels after 
electrophoresis by using Geneclean kit (Bio 101). The electrophoresis was carried 
out as described in section 2.1.5. We routinely used Ix TAE buffer (Appendix A) 
for electrophoresis because of the better DNA recovery. The gel containing the 
desired DNA band was excised, sliced into fine pieces, weighed and put into 1,5ml 
eppendorf tube. Three volumes of the gel slice (the volume of Ig of the gel slice 
was regarded as 1ml) ofNal stock solution (Geneclean) was added. The tube was 
incubated at 45°-55°C with constant mixing for 5 minutes or until the gel was 
completely dissolved. Then, 5\i\ of Glassmilk was added. The tube was left on ice 
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for 5 minutes to allow the binding of DNA with the Glassmilk. The Glassmilk was 
pelleted in a microflige for 5 seconds. The supernatant was removed and the pellet 
was resuspended with 0.5ml of NEW Wash (Geneclean). The suspension was 
centrifliged for 5 seconds. The supernatant was discarded and then the wash was 
repeated twice. Finally, the Glassmilk was resuspended with 5|il of distilled water. 
The tube was incubated at 45�-55�C for 3 minutes followed by centrifligation for 
30 seconds. The supernatant containing the eluted DNA was saved. Five more 
microliter of distilled water could be added to the Glassmilk again to completely 
elute the DNA. The concentration of the eluted DNA was estimated by gel 
electrophoresis using 2-4|il of the DNA and comparing the fluorescence intensities 
of the bands with those of the standard DNA with a known concentration. 
2.2.7 Minipreparation of Plasmid 
This method was adopted from Bimboim and Doly (1979). A 
single colony was inoculated in 5ml LB medium (Appendix A) with appropriate 
antibiotics and was incubated at 37�C overnight with constant shaking. 1.5ml 
bacterial cells were harvested by centrifligation at 12,000xg for 1 minute in 
eppendoif tube. Supernatant was discarded completely and lOOjil of solution I 
(25mM Tris-HCl; pH7.4, lOmM EDTA; pH8.0, 0.9% glucose) was added to 
resuspend the bacterial cells. After standing on ice for 5 to 10 minutes, 200|il of 
freshly prepared solution II (1% SDS，0.2M NaOH) was added into the eppendoif 
tube to lyse the cells. The tube was gently inverted several times for completely 
mixing and left on ice for 5 minutes. Then 150^1 of solution III (4M sodium 
acetate; pH5.6) was added in the cell lysate followed by incubation on ice for 
further 15 to 30 minutes. The chromosomal DNA and cell debris were removed 
by centrifligation at 12,000xg for 20 minutes. The supernatant was mixed with 
two volumes of absolute ethanol and the DNA was precipitated out after stored at 
-70�C for 30 minutes. The precipitated DNA was pelleted by centrifligation at 
12,000xg for 20 minutes. The DNA was dried briefly in SpeedVac and dissolved 
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in 100^1 of TE (pH7.4) (Appendix A). RNase was added at a final concentration 
of 100|ig/ml and the tube was incubated at 37°C for 30 minutes to remove the 
bacterial RNA. Proteins were removed by phenol/chloroform extraction and DNA 
was recovered by ethanol precipitation. The dried DNA pellet was dissolved in 
30|il of distilled water or TE (pH8.0). The DNA solution was stored at -20°C 
until needed. 
2.2.8 Large-Scale Preparation of Plasmid DNA 
2.2.8A By Equilibrium Centrifugation in Cesium Chloride-Ethidium 
Bromide Gradient 
E. coli harboring plasmid DNA of ColEl replicon was grown 
overnight in 10ml LB broth (0.5% yeast extract, 0.5% NaCl and 1% tryptone) 
supplemented with appropriate antibiotic. Around 5ml was then inoculated into 
500 to 1000ml LB broth with antibiotic. After the cell density had reached 
O.D.600nm=1.0, chloramphenicol was added to a concentration of 170^g/ml and the 
culture was shaken overnight. The cells were harvested and resuspended in 4ml 
TES (25% sucrose, 50mM Tris-HCl, 50mM EDTA; pH8.0) and stored in an ice 
bath. Then 0.5ml lysozyme (lOmg/ml) was added. After standing for 5 to 10 
minutes on ice, 5ml 'Triton X-100 lytic mixture，(2% Triton X-100 [Fisons], 
50mM Tris-HCl, 50mM EDTA; pH 8.0) was added. The mixture was allowed to 
be stored on ice until the viscosity increased tremendously indicating lysis. This 
usually took 10 to 30 minutes. Then the mixture was centrifliged at 41,200xg 
(19，000rpm，JA21) for 50 minutes at 4"C. 
After centrifugation, 10ml supernatant was transferred to a 30ml 
corex tube and 9.2g ofCsCl and 0.75ml ethidium bromide (lOmg/ml) were added. 
The mixture was centrifliged at 25,700xg (15,000rpm, JA21) for 15 minutes. The 
supernatant was carefully pipetted into a polyallomer ultracentrifuge tube and 
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centrifliged by a Beckman ultracentrifuge. A 50Ti rotor and 150,000xg 
(45,000rpm) at 2 5 T for 48 hours spin was used. After centrifligation, the plasmid 
band was viewed with a 366nm UV lamp and extracted by piercing the tube with a 
syringe having a 19xG hypodermic needle. Ethidium bromide was removed by 
extracting the DNA solution several times with water-saturated butanol. The 
aqueous phase was dialyzed overnight against 2L lOmM Tris-HCl (pH8.0) to 
remove CsCl. Absorbance at 260 and 280nm were measured to determine its 
concentration and purity. The DNA was stored in aliquots at -20�C. 
2.2.8B By Using Qiagen-tip 100 Cartridge 
The cells of 50 to 150ml overnight culture were harvested by 
centrifligation at 3，000xg (JAM rotor) for 10 minutes at 4°C. The supernatant 
was discarded and the cell paste was resuspended with 4ml of buffer PI (50mM 
Tris-HCl, lOmM EDTA; pH8.0，lOO^ig/ml RNase A). Then 4ml of buffer P2 
(200mM NaOH and 1% SDS) was added to lyse the cells. The content was mixed 
by gently inverting the centrifuge tube for several times and then left at room 
temperature for 5 minutes. 4ml of buffer P3 (3.0M potassium acetate; pH5.5) was 
added and the solution was mixed gently and thoroughly. The chromosomal DNA 
and cell debris were removed by centrifligation at 20,000xg (13,000rpm, JA20.1) 
for 30 minutes at 4°C. The supernatant was collected. 
The Qiagen-tip 100 (Qiagen Inc.) was equilibrated with 4ml buffer 
QBT (750mMNaCl, 50mM MOPS; pH7.0，15% Ethanol，0.15% Triton X-100) at 
a flow rate of 2.5 to 3.0ml/min. Supernatant of the cell lysate was loaded onto the 
column and washed twice with 10ml of buffer QC (LOM NaCl, 50mM MOPS; 
pH7.0，15% ethanol). The plasmid DNA was eluted with 5ml of buffer QF 
(1.25MNaCl, 50mM Tris-HCl; pH8.5, 15% ethanol) at the flow rate stated above. 
The DNA was precipitated by adding 0.7 volumes of isopropanol which had been 
equilibrated at room temperature. The DNA was collected by centrifligation at 
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15,000xg at 4�C for 30 minutes. The supernatant was removed and the DNA was 
washed with 5ml of cold 70% ethanol. After further rounds of centrifligation, the 
DNA was dried briefly and then dissolved in TE (pH8.0) or distilled water at the 
desired concentration. 
2.2.9 Preparation of Competent Cells 
Two methods were adopted to prepare competent cells and they 
differed in the chemicals used, easy of preparation and transformation efficiency. 
The first method is based on Hanahan (1985), which involved the 
use of two transformation buffers RFl and RF2 and produced cells with high 
transformation efficiency. The host strain GM2163 or K802 was streaked from 
-70�C stocks onto Psi agar plate (0.5% yeast extract, 2% tryptone, 20mM MgS04, 
lOmM NaCl, 5mM KCl and 1% bacto agar, pH adjust to 7.6 with KOH) to get 
single colonies. A colony was picked and inoculated in 10ml Psi medium 
overnight. 5ml of the overnight culture was inoculated into 100ml Psi medium in 
IL Erlenmeyer flask and incubated at 37°C with constant shaking. When the cell 
density of 4-7x10^ viable cells/ml (O.D.550nm=0.35-0.60) was reached, the cells 
were chilled in ice for 10 to 15 minutes. The cells were collected by centrifligation 
at l,000xg for 15 minutes at 4�C. The supernatant was removed and the cell paste 
was resuspended evenly with 33ml of RFl (lOOmM RbCl2, 50mM MnCb, 30mM 
KAc, lOmM CaCl2 and 15% glycerol, pH adjusted to 5.8 with acetic acid) and left 
on ice for 15 minutes. The cells were collected as before and resuspended with 
8ml of RF2 (lOmM RbCU lOmM MOPS, 25mM CaCb and 15% glycerol, pH 
adjusted to 6.8 with NaOH) and left on ice for further 15 minutes. 200|li1 of 
treated bacterial cells were dispensed in each pre-chilled microflige tube and stored 
at -70�C. 
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The second method is also based on Hanahan (1985). It is simpler 
and requires CaCb and MgCb as reagents. A single colony of DH5a, BL21 
(DE3) or ER2169 (DE3) was selected and grown overnight in 10ml LB broth at 
37°C without shaking. The culture was inoculated into 490ml LB broth until 
O.D.590nm readied about 0.4. The cells were harvested at 3，000xg for 10 minutes 
at 4 � C and resuspended gently in 100ml ice-cold O.IM MgCb. After 
centrifligation, the cells were again resuspended with 25ml O.IM MgCl]. The cells 
were pelleted again and resuspended with 10ml of ice cold O.IM CaCb. It was left 
on ice for 30 minutes and 2.5ml 75% glycerol was added to a final concentration 
of 15%. 200|il aliquots of the competent cell was then dispensed into eppendorf 
tubes and stored at -70°C. 
2.2.10 Transformation of Competent Cells 
When the amount of DNA was limited or a large DNA library was 
going to be constructed, competent cells prepared from the first method were 
used. 
200^1 of competent cells was taken out from -70�C and put on ice 
until thawed. Then 10^1 of ligation mixture or plasmid DNA was added into the 
cells and mixed gently. The tube was left on ice for 30 minutes, and then heat-
shocked at 42°C for 90 seconds exactly. The tube was chilled in ice for 2 minutes 
and 0.8ml of LB broth was added. The tube was incubated at 37°C for 30 to 60 
minutes with constant shaking. 100|il of the cells was plated on a selective agar 
plate. 
For routine transformation purpose, competent cells prepared from 
the second method were used. When the competent cells were thawed, 10|il of the 
ligation mixture or plasmid DNA was added and mixed gently. The tube was left 
on ice for 30 minutes and then heat-shocked at 42�C for 2 minutes. After 
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returning to ice for 2 minutes, 0.4ml of LB was added. The tube was incubated at 
37°C for 2 hours without shaking. 100|il of the cells was spread onto a selective 
agar plate. 
2.2.11 Screening of Recombinant Plasmids 
2.2.11A Using Selective media 
Several selective media were used to distinguish the recombinant 
clones. Ampicillin was commonly included into a selective medium at 
concentration of 50|ig/ml. Only transformed cells carrying plasmid DNA with 
functional hla gene could survive. Alternatively, if the hla gene was destroyed by 
insertion inactivation, tetracycline could be included in a selection medium to 
select for pBR322 transformants. Besides, plasmids which carry intact lacZ gene 
(e.g. pUC19，pBluescript) could be distinguished from a recombinant plasmid by 
their ability to produce blue-color upon addition of 0.5mM isopropyl-P-D-
thiogalactopyranoside (IPTG) and 4 0 � m l 5-bromo-4-chloro-3-indoly-p-D-
galactopyranoside (X-Gal) in the selective medium. 
2.2.1 IB Rapid Alkaline Lysis Method 
To confirm the transformed cells carried the plasmid DNA of 
desirable size，we adopted the rapid alkaline lysis method according to Barnes 
(1977). Individual transformant was subcultured in a selective agar plate and a 
small amount of bacterial cells was transferred with a tooth-pick into 20|il of the 
alkaline lysis mixture (50mM NaOH, 0.5% SDS, 5mM EDTA and 0.025% 
bromocresol green). The mixture was incubated at 68�C for 45 minutes and then 
loaded onto a 1% TBE agarose gel (without ethidium bromide) without being 
submerged. When the dye migrated into the gel, IxTBE was added to submerge 
the gel. Electrophoresis was continued until the dye reached the end of the gel. 
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The gel was stained in a O.S i^g/ml ethidium bromide solution for 45 minutes and 
the plasmid DNA was visualized under UV light. 
2.2.12 Sodium Dodecyl Sulfate Poly aery lam ide Gel Electrophoresis 
(SDS-PAGE) 
SDS-PAGE was based on Laemmli (1970). The solutions included: 
Solution A: 30% acrylamide, 0.8% N,N'-methylene-bisacrylamide (bis). The 
solution was stored in dark bottle at 4�C. Solution B: 1.5M Tris-HCl (pH8.8). 
Solution C: l.OM Tris-HCl (pH6.8). Solution D: 10% SDS. Solution E: 10% 
ammonium persulphate (the solution was freshly prepared). Gel-running buffer 
(Tris-Glycine-SDS, pH8.3): 6.0g Tris-base, 28.8g glycine and 2‘0g SDS were 
dissolved in water and made up to 2 liters. 2x sample buffer: lOOmM Tris-HCl 
(pH6.8)，4% SDS, 0.2% bromophenol blue, 20% glycerol, 200mM DTT or 2% P-
mercaptoethanol. Staining solution: 0.115% Coomassie Brilliant Blue R-250, 10% 
acetic acid and 30% ethanol. Destaining solution: 8% acetic acid and 25% 
ethanol. 
The PROTEAN II Slab Electrophoresis Cell (Bio-Rad) was used 
according to the manufacturer's instructions. 
5ml of freshly prepared separating gel (2.0ml of solution A, 1.3ml 
of solution B, SO i^l of solution D, SOjil of solution E, 2^1 ofTEMED and 1.6ml of 
water) was added between the glass plates until two-third full. Polymerization of 
the gel took place in about 30 minutes. Then 2ml of stacking gel (0.33ml of 
solution A, 0.25ml of solution C, 20^1 of solution D, 20^1 of solution E, 2^1 of 
TEMED and 1.4ml of water) was added until the space was filled up. A comb was 
inserted on the top before the gel was polymerized. 
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Protein samples were diluted with 2x sample buffer and boiled for 3 
minutes at 100�C. The samples were centrifuged briefly to remove the precipitated 
proteins. A low molecular weight marker (Pharmacia) was added along with the 
samples. Each gel was run at 30mA constant current. 
Electrophoresis was terminated as the bromophenol blue tracking 
dye had migrated to the bottom of the separating gel. The set-up was dissembled 
and the gel was stained in staining solution for 1 to 4 hours with moderate shaking. 
The gel was destained with several changes of destaining solution until the 
background is clear. For long-term storage, the gel was soaked with 10% glycerol 
for 30 minutes to prevent the gel from cracking during drying. Then the gel was 
placed between two sheets of thoroughly moistened cellulose gel drying film and 
clamped in a frame to dry overnight. 
2.2.13 Size Exclusion Chromatography 
The molecular weight of the reduced and denatured protein was 
determined by SDS-PAGE (section 2.2.12). The native molecular weights of 
proteins in solution were determined by Superosel2 (Pharmacia, HRlO/30, FPLC) 
gel filtration chromatography. The column was equilibrated with 50mM NaCl in 
buffer B (section 3.2.2) at a flow rate of 0.4ml/min. The column was calibrated 
with protein standards of known molecular weight: ribonuclease A, 
chymotrypsinogen A, ovalbumin, bovine serum albumin, aldolase and blue dextran. 
The standard plot of molecular weight against partition coefficient (Kav) was used 
to determine the molecular weight of the unknown protein. 
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2.2.14 Electroblotting of Protein on Polyvinylidene Difluoride (PVDF) 
membrane 
Purified protein was spotted directly onto PVDF membrane 
(Millipore) or separated by SDS-PAGE (Section 2.2.12) prior to electroblotting 
for N-terminal determination. 
The method we used for electroblotting was modified from 
Matsudaira (1987). lOx electroblotting buffer was prepared by dissolving 22.13g 
of 3-[cyclohexylamino]-l-ethane-sulphonic acid in 900ml of de-ionized water and 
titrated with 2M NaOH until pH=l 1. Then the buffer was made up to IL. 
A PVDF membrane was cut into suitable size and put in methanol 
and then Ix electroblotting buffer for a few seconds. The gel was taken out and 
soaked in electroblotting buffer for 5 minutes. Several pieces of 3MM Whatman 
paper with the size identical to the gel were cut. Assembly of the transblotting 
sandwich was shown below (Fig. 2.1). Electroblotting of protein was carried out 
at 0.8mA/cm^ for at least an hour. 
Whatman filter papers 
i i i i i i i i S M l i i i i i i a Gel 
PVDF membrane 
• • • • • • • P — Whatman filter papers 
+ — 
Fig. 2.1 Assembly of the transblotting sandwich. 
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The set-up was dissembled and the membrane was rinsed with de-
ionized water for 5 minutes. The gel was stained in staining solution (Section 
2.2.12) for 5 minutes and destained for 5 to 10 minutes. Protein band was 
carefully cut out and sent to the University of Toronto for N-terminal sequencing. 
2.2.15 Isoelectric focusing (BEF) 
lEF is a high resolution method in which proteins are separated in 
the presence of a continuous pH gradient (Righetti, 1983). Under these conditions 
proteins migrate according to their charges until they reach the pH values at which 
they have no charge (i.e. their isoelectric points，pi). The proteins will, therefore, 
be concentrated or focused into narrow zones. 
Isoelectric focusing on 5% polyacrylamide gel was carried out in a 
pH gradient (3.5-10) using Ampholines (LKB) or Biolytes (Bio-Rad). Various 
chemicals are listed below: 
Solution A, 30% acrylamide stock for lEF gels: 28.38% (w/v) 
acrylamide and 1.62% bis-acrylamide. B，stock Nonidet P-40: 10% (w/v) NP-40 
in water. C，Ampholines or Biolytes were used as supplied: 40% (w/v) solution. 
D，ammonium persulfate: a fresh 10% (w/v) solution was prepared every two 
weeks. E, anode electrode solution: 0.0IM H3PO4. F, cathode electrode solution: 
0.02M NaOH (degassed and stored under vacuum). G, sample overlay solution: 
1% Ampholines or Biolytes. H，staining solution: 27% ethanol, 10% acetic acid, 
0.4% Coomassie Brilliant Blue R-250, 0.5% CUSO4 and 0.05% crocein scarlet 
(Sigma). I，destaining solution: 25% ethanol and 7% acetic acid. Solutions C, D 
and G were stored at 4�C and all other solutions were stored at room temperature. 
Isoelectric focusing gels were either made in glass tubing using 
Vertical gel Electrophoresis System (130x2.5mm inside diameter, BRL) or LKB 
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Ampholines PAGplates (Pharmacia). 10ml of gel mixture was prepared by mixing 
1.33ml of acrylamide stock (A), 2ml of stock NP-40 (B), 0.4ml of ampholines (to 
make 2% ampholines) and water. Then lO i^l of 10% ammonium persulfate and 
7jal ofTEMED was added. The solution was loaded into the gel tubes or between 
plates using a hypodermic needle to prevent trapping of bubbles. After the gel was 
polymerized, an increasing voltage (200volts for ]/4h, 300volts for l/2h and 
400volts for l/2h) was applied to pre-run the gel. For the plate gel 
electrophoresis, samples were applied on the sample application pieces and placed 
on the middle of the gel parallel to the electrodes. For the tube gel electrophoresis, 
samples and gel overlay solution (G) were loaded on the cathode side of the gel 
(top) and continued electrophoresis at 400volts for 12 hours. As the current 
dropped to zero or remained unchanged，the gels were taken out and stained with 
staining solution (H) for 2 hours and then destained in destain solution (I) until the 
background was clear. 
2.2.16 Protein Assay 
Protein concentration was determined by Bradford method 
(Bradford, 1976) using a kit from Bio-Rad. The standard assay is used with 
samples having protein concentration between 200|ig/ml and l,400|ig/ml (20-
140|ig total). Briefly, 200^1 Bradford reagent was added to 800|LI1 protein sample 
and then vortexed for a few seconds. Blue color was developed within several 
minutes. The concentration of protein was determined at absorbace 595nm using 
BSA as a standard. 
2.3 DNA Sequencing 
The ‘dideoxy，chain terminator DNA sequencing procedure of 
Sanger et al. (1977) was followed. 
37 
2.3.1 Isolation of a template DNA 
Isolation of double-stranded DNA is described in section 2.2.7 and 
2.2.8 or by using Wizard Miniprep DNA purification Kit (Promega) according to 
manufacturer's instructions. 
2.3.2 DNA Denaturation and Annealing Reaction 
L5-2^g double-stranded DNA template in 8}il water or TE buffer 
(Appendix A) was added to a 1.5ml eppendorf tube. 2\i\ of 2M NaOH was added 
and vortexed gently. The tube was incubated at room temperature for 10 minutes. 
Then, 3^1 of 3M sodium acetate (pH4.8X 7|LI1 of distilled water and 60|il of 
absolute ethanol was added into the tube and mixed. After placed in dry ice for 15 
minutes or -70�C for 30 minutes, the DNA was collected by centrifligation for 10 
minutes in a microflige. The supernatant was discarded and the pellet was washed 
with ice-cold 70% ethanol. The DNA was pelleted by re-centrifugation for 10 
minutes and the supernatant was removed carefully. The DNA was dried briefly 
and dissolved in 10|il of distilled water. 
Universal or synthetic primers adjusted to a concentration of 80nM 
were used. To the lO i^l of denatured template DNA from above, 2|il of Annealing 
Buffer (Pharmacia) and 2^1 of primer solution were mixed together and incubated 
at 37�C for 20 minutes to anneal the primer. The tube was placed in room 
temperature for another 10 minutes and then centrifliged briefly. The annealed 
primer/template was stored at -20°C for future use. 
2.3.3 Labeling and Termination Reaction 
14|il of the annealed primer/template was mixed with 3|il of 
labeling mixA, 1^1 of [a-^^S]dATP (lOmCi/ml, >1,000 Ci/mmol, Amersham 
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SJ304) and 2\x\ of diluted T7 DNA polymerase (l.Sunits/^il, diluted with enzyme 
diluting buffer). The mixture was left at room temperature for 5 minutes. At the 
same time, four tubes labeled with A, C, G and T were added with 2.5^1 A-, C-, 
G- and T-short solution and pre-warmed at 37�C for at least one minutes. After 5 
minutes incubation, 4.5\i\ of the reaction mixture was transferred into each of the 
four pre-warmed sequencing mix short solutions and incubated at 37�C for 5 
minutes. Finally, 5\i\ of stop solution was added into each tube to stop the 
reaction. 
2.3.4 DNA Sequencing Electrophoresis 
The Sequi-Gen Nucleic Acid Sequencing Cell (Bio-Rad) was used 
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for routine sequencing purposes. Casting of the gel was according to the 
manufacturer's instructions. 6% urea-polyacrylamide gel (60ml) was prepared as 
follow: 25.2g urea (Sigma), 9ml 40% acrylamide stock solution (38% (w/v) 
acrylamide (Sigma), 2% (w/v) N，N，-methylene-bisacrylamide (Sigma)), 6ml lOx 
TBE (Appendix A) and distilled water were added together to 60ml final volume. 
After the urea had been completely dissolved, 10ml of gel solution was mixed with 
50^1 of 25% ammonium persulfate and 50|il of TEMED for sealing of the gel, the 
remaining 50ml was mixed with 50^1 of 25% ammonium persulfate and SOfil of 
TEMED for casting of the gel. Polymerization of the gel usually took 
approximately 20 minutes. 
After the gel was polymerized, the sample comb was pulled out and 
the wells were rinsed with water (or IxTBE). Then the gel was assembled to the 
Sequi-Gen cell and the upper and lower chamber were filled with IxTBE. For 
better resolution, the gel should be pre-runned for at least 20 minutes at 42W 
constant power. Sequencing samples were denatured at 95°C for 3 minutes to 
prevent formation of nucleic acid secondary structure. When the gel temperature 
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reached 55�C，3^1 of samples were loaded onto the gel with a sequencing pipette 
(Drummond). The gel was run at 42W constant power. 
When electrophoresis was finished, the gel was dissembled and 
fixed in 10% methanol/10% acetic acid for 15 minutes. Then the gel was blotted 
onto three sheets of 3MM Whatman filter paper and covered with a piece of 
cellophane. This ‘sandwich，was dried in a gel dryer (Bio-Rad). Then gel was 
exposed to a X-ray film. 
2.2.5 Autoradiography 
Polyacrylamide gels for sequencing or cleavage site study were set 
up on Kodak X-OMAT AR diagnostic film in Kodak X-Omatic cassettes with two 
X-Omatic regular intensifying screens at -70�C. The length of exposure depended 
on the intensity of the signal. Films were developed with Kodak X-ray developer 
for 5 minutes and then fixed with Kodak X-ray fixer for 5 minutes. The films were 
rinsed under tap water. 
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CHAPTER THREE 
Purification and Characterization of 
Restriction Endonuclease from 
Escherichia coli HK31 
3.1 Introduction 
Restriction endonucleases are widely spread among bacterial 
species. About 2500 restriction enzymes are now known including 19 different 
type I specificities, 198 different type II specificities and 4 different type III 
specificities (Roberts and Macelis, 1994). Type II restriction enzymes which 
recognize and cleave DNA within the recognition sequences, are more important 
for molecular biology research. Therefore, there are continuous efforts to screen 
and characterize new restriction enzymes and to clone their encoding genes. 
Our group in Hong Kong has screened and characterized restriction 
enzymes from various sources including a bacterial culture collection (Leung et al., 
1989)，thermophilic strains (Mok et al., 1990a; Mok et al; 1990b; Mok et 
a/.,1991; Lee et al., 1992; Wu et al, 1993) and rotten fruits (Chan et al, 1994). 
Recently, we have also screened various clinically-isolated strains for restriction 
enzymes. Among them we have isolated Escherichia coli HK31, a clinically-
isolated bacteria from a patient who suffered from recurrent urinary infection. This 
strain produces restriction enzyme Ec6HK3 II which is an isoschizomer of the 
commercially available enzyme Eael. The latter enzyme is expensive 
(US$50/100U in 1993-94 New England Biolabs catalogue). Therefore, we set to 
further characterize R.EcoHK3 II and attempt to over-express its encoding gene. 
Here, we present data on purification and characterization of this enzyme. 
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3.2 Materials and Methods 
3.2.1 Preparation of Crude enzyme Extract 
E. coli HK31 was grown overnight in 2L LB medium at 37°C with 
constant shaking. Unless otherwise stated, all purification procedures were carried 
out at 4�C. About 5g of the E. coli HK31 cell paste was collected and 
resuspended with 20ml of extraction buffer (20mM Tris-HCl; pH8.3，5mM (3-
mercaptoethanol (Sigma), O.lmM EDTA, 5% glycerol and ImM PMSF (Sigma)). 
The cells were disrupted by sonication for five periods of 1 minutes each, with 3 
minutes between each burst. The cell debris were removed by ultracentrifligation 
at 35krpm for 1 hour (Beckman, TY42.1 rotor). The supernatant was carefully 
pipetted out and ready for column purification steps. 
3.2.2 Purification of R.EcoBK31I 
The crude extract (20ml) of R.£coHK31I was loaded to a DEAE-
Sephacel anion-exchange column (Pharmacia, 2.2xl3cm) which was pre-
equilibrated with buffer A (20mM Tris-HCl; pH8.3，5mM p-mercaptoethanol, 
O.lmM EDTA and 5% glycerol) at a flow rate of 0.3ml/min. The column was 
washed with buffer A until the O.D280nm of the flow through reached almost zero. 
Proteins were eluted at 3ml/fraction with a 300ml linear gradient of 0-0.8M NaCl 
in buffer A. Active fractions (24ml) were pooled, diluted with 2 volumes of buffer 
B (20mM Tris-HCl; pH7.5, 5mM p-mercaptoethanol, O.lmM EDTA, 0.15% 
Triton X-100 and 5% glycerol) and applied to an Affi-gel Heparin column (Bio-
Rad, 1.8x10cm). The column was washed with buffer B until O.D.280nm of the flow 
through reached almost zero. The enzyme was eluted at 3ml/fraction with a 300ml 
linear gradient of 0-1.OM NaCl in buffer B. Active fractions were pooled and 
concentrated by an Amicon concentrator and dialyzed against storage buffer 
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(lOmM Tris-HCl;pH7.5, O.lmM EDTA, ImM DTT, 200\xg/m\ BSA and 50% 
glycerol). The restriction endonuclease was stored at -20°C. 
3.2.3 Characterization of Restriction Endonuclease 
3.2.3.1 Enzyme Activity assay 
Restriction activity was assayed by digesting 200ng non-methylated 
lambda DNA (Sigma) with l|il sample from every third fraction in the presence of 
medium salt buffer (Appendix A) in a reaction volume of 15|il at 37°C for 15 
minutes. 
3.2.3.2 Optimal pH, Temperature, Metal Ion and Salt concentration of 
200ng of non-methylated lambda DNA or EcoRI linearized pUC19 
DNA were digested with R.EcoHK3\l for 15 to 30 minutes at the selected pH, 
temperature, metal ion or ionic concentration. 
Tris-HCl from pH6.5 to 9.5 were included in the reaction buffer to 
determine the pH optimal at 37°C. The optimal temperature of the enzyme was 
assayed in lOmM Tris-HCl; pH8.0 from 2 5 � t o 60�C. The NaCl concentration was 
varied from 0 to 150mM in lOmM Tris-HCl; pH8.0 and assayed at 37°C. The 
concentration of magnesium ion (Mg^^) was varied and other divalent metal ions 
such as Ca2+，Co】.，Cu:. and Zn^^ at a concentration of lOmM were also studied. 
3.2.3.3 Assay for the Purity of 
The purity of ENase was determined by assaying the amount of 
non-specific nuclease present in the enzyme preparation. This was done by 
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incubating different amounts of enzyme in a 50^1 standard reaction buffer (50mM 
NaCl, lOmM Tris-Hcl;pH7.9, lOmM MgCb, ImM DTT and Ijig non-methylated 
lambda DNA) for increasing periods of time. The larger the number of fold of 
over-digestion which was calculated by the product of unit of enzyme and the 
hours of incubation, the purer the enzyme preparation was. 
3.2.3.4 Determination of Recognition Specificity 
The recognition specificity of the purified R.EcoHK31I was 
determined by double digestion of various DNA substrates with the unknown 
enzyme and an enzyme which cleaved the DNA at a known position. Depending 
on the number and the size of fragments generated by the unknown enzyme, 
various DNAs with known sequences such as pUC19, pACYC177，pACYC184， 
pBR322, SV40, (|)X174, M13mpl8, Ad2, T7 and X were used. Non-methylated 
DNAs were also used when needed. 
After double digestion, the number and the size of the fragments 
generated were determined. With the help of a computer program called ‘Rezyme， 
written by Dr. DR Clark, a list of possible recognition sequences were postulated 
and their digestion pattern on various DNAs were given out. By comparing the 
computer generated restriction patterns and those obtained from gel 
electrophoresis, the recognition specificity of the unknown enzyme could be 
determined. 
3.2.3.5 Determination of the Cleavage Specificity 
The cleavage specificity of the R.£'coHK3 II was determined by a 
method modified from Brown and Smith (1980). In principle, any dsDNA 
substrate which contained a recognition sequence of an unknown enzyme at a 
position about 100 base pairs downstream of a primer could be used as template. 
44 
Double-Stranded DNA after denaturation with NaOH and 
precipitation with ethanol was annealed with a specific primer in the presence of 
annealing buffer. Detail procedures were described in section 2.3.2. 
The cleavage reaction was done by labeling 5^1 annealed 
primer/template DNA with 1.2^1 ofC/G/Tmix (0.125mM of each nucleotide), l^il 
of [a^^S]dATPaS (5|LiCi, 7.7pmol, Amersham) and 0.5^il Klenow enzyme (0.5U, 
Boehringer Mannheim) at 37°C for 5 minutes. After the incubation, l^il of O.SmM 
dATP was added and incubated at 37�C for 10 minutes. The reaction was 
terminated by heating at 65�C for 10 minutes and the final volume was made up to 
lOjil by adding l|il lOxMSB (Appendix A) and 0.3^d water. The mixture was 
divided into two samples: sample I was digested with R.EcoHK3 II at 37�C for 30 
minutes. Sample II was treated in the same way as sample I except after 15 
minutes incubation, T4 DNA polymerize (2U, Amersham) was added and the 
incubation was continued for another 15 minutes. Both samples I and II were 
analyzed alongside with the dideoxynucleotide sequencing ladders by running the 
samples through a 6% polyacrylamide gel containing 7M urea. Dideoxy 
sequencing reaction was described in section 2.3.3 using T7 DNA sequencing kit 
(Pharmacia). DNA sequencing electrophoresis was described in section 2.3.4. 
3.3 Results and Discussion 
3.3.1 Purification of R.五c<?HK31I from Escherichia coli HK31 
The bacterial cells were disrupted by sonication in lOmM Tris-HCl; 
pH8.3. K.EcoHK2\l tightly bound to DEAE-Sephacel anion exchange column at 
this pH value. The ENase was eluted from 0.30-0.40M NaCl. Non-specific 
nucleases were eluted at about 0.4M NaCl (Fig. 3.1). Active fractions were 
diluted with 2 volumes of buffer B (20mM Tris-HCl;pH7.5, 5mM p-
mercaptoethanol, 0.1 mM EDTA, 0.15% Triton X-100 and 5% glycerol) and 
45 
loaded onto an Affi-gel Heparin agarose column. R.^coHKSlI was eluted from 
the column at 650mM NaCl and most of the contaminated nucleases were 
removed (Fig. 3.2). The enzyme was unstable for prolong period at 4�C in the 
absence of 0.15% Triton X-100. No apparent loss of activity was observed when 
the enzyme was stored in storage buffer (section 3.2.2) at -20°C. 
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3.3.2 Optimal pH, Temperature, Metal ions and Salt concentration 
.The optimal pH for R.£coHK3II digestion is shown in Fig. 3.3A. 
The enzyme was active in a wide pH range and was fully active between pH7.5-
8.5. The optimal temperature for digestion of DNA in MSB (Appendix A) was 
from 3 5 � t o 40�C. However, the activity dropped dramatically above 50�C (Fig. 
3.3B). The effect of salt in the cleavage reaction was estimated at increasing 
concentration of NaCl, between 0 and 150mM (Fig. 3.3C). R.£'coHK31I has an 
optimal activity between 50 and 75mM NaCl, but dropped dramatically at ISOmM 
(Fig. 3.3C). Like other restriction endonucleases, R.^'coHKSII requires 
magnesium ion for catalysis. Magnesium ion of more than 5mM was required for 
full R.EcoBK3II activity (Fig.3.3D). Some Class-II ENases retain the enzymatic 
activity when other divalent cations are substituted for Mg2+ ions (Hsu and Berg, 
1978; Malyguine et al, 1980). Replacement of Mg2+ in the reaction by Ca� . , Co〗.， 
Cu2+ and Zn^^ showed nearly complete lost of R.£'coHK31I activity (data not 
shown). 
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Fig. 3.1 The elution profile and restriction endonuclease assay of 
fractions obtained from DEAE-Sephacel column. Upper panel: 
in vitro restriction digestion on non-methylated lambda DNA. Details were 
described in section 3.2.3.1. Lower panel: elution profile of proteins 
(3ml/fraction). ~ • ~ : Absorbance, 一 A — : [NaCl]. 
47 
1 G 11 IG 21 26 31 36 41 46 51 56 
• 
58 GO BZ G4 66 68 /O 12 U U /8 80 
2 . 0 -1 厂 1 . 0 
I 1 . 8 - 0 . 9 S 
I 1 .6 - y - 0 . 8 I 
I 1 . 4 - / - 0 . 7 I 
I 1 . 2 - Z - 0 . 6 § 
1 1 . 0 - y - 0 . 5 g 
0.8 - - 0.4 ^ 
0.6 - - 0.3 
0.4 - 1 八 -0.2 
。 2 1 。 1 
0 . 0 P i • ~ I . p — ^ ~ ~ ^ I I I ~ ~ I . ~ ~ I I n 0 .0 
0 20 40 60 80 
Fraction number 
Fig. 3.2 The elution profile and restriction endonuclease assay of 
R•五a?HK31I fractions obtained from Affi-gel Heparin agarose column. 
Upper panel: in vitro restriction digestion on non-methylated lambda DNA. 
Details were described in section 3.2.3.1. Lower panel: elution profile of proteins 
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Fig. 3,3 Characterization of optimal reaction conditions for 
K£'coHK31L EcoBJ linearized pUC19 DNA was used as the substrate. After 
incubation for a fixed time, the DNA fragments were separated by gel 
electrophoresis. Fragments were resolved of sizes 1.3 ,1.0 and 0.4kb. The amount 
of the 1.3 and l.Okbp fragments were quantified by integrating the intensity of the 
two fragments produced using a computer program lamgeQuan. The relative 
activity (%) is obtained from the ratio of the intensity of the fragments at a specific 
condition to the intensity of the fragments at the optimal condition. 
(A) Effect of pH. Tests were performed in lOmM Tris-HCl, 50mM NaCl，lOmM 
MgCh, ImM DTT and 200ng DNA. Reaction mixtures were incubated at 37°C 
for 30 minutes. 
(B) Effect of temperature. lU R.£"coHK3 II was included in a reaction mixture 
containing lOmM Tris-HCl; pH8.0, lOmM MgCl:，50mM NaCl, ImM DTT and 
200ng DNA and was incubated at 25�C to 60°C for 30 minutes. 
(C) Effect of NaCl concentration. Reaction mixtures containing lOmM Tris-HCl; 
pH8.0, lOmM MgCh, ImM DTT, 200ng DNA and varying amount of NaCl, were 
incubated at 37°C for 30 minutes. 
(D) Effect of Mg2+ concentration. Tests were performed in lOmM Tris-HCl; 
pH8.0, 50niM NaCl, ImM DTT and 200ng DNA. The amount of Mg^" was 
increased from 0 to 20mM. 
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3.3.3 Unit Definition 
Non-methylated lambda DNA was used as the substrate for unit 
definition in optimal digestion condition because R.^ C6>HK3 II is sensitive to dcm 
methylation (Section 3.3.6). One unit of R.£"a?HK31I is defined as the amount of 
enzyme required to cut at least 98% of l|ig non-methylated lambda DNA in 50|il 
of reaction buffer at 37X for 1 hour.. We found that 2，000U of enzyme was 
purified from 4.6g of Escherichia coli HK31 after two chromatographic steps. 
3.3.4 Purity of the R.Ec^?HK31I 
The presence of exonuclease activity was demonstrated in the over-
digestion experiment. The maximum number of fold of digestion that could still 
give an unchanged pattern for R.£'coHK3 II was 400-fold (Fig. 3.4). 
It is reported that certain restriction endonucleases shown 
preferential cleavage of some sites in the same substrate (New England Biolabs 
catalog, 1993-94). Thomas and Davis (1975) observed that E'coRI cleaves the five 
sites on lambda DNA non-randomly. The site nearest the right terminus is cleaved 
10 times faster than the sites in the middle of the molecule. We also found that 
certain II sites on non-methylated lambda DNA are refractory to cleavage 
and complete digestion of DNA required 50-fold of over-digestion by 
R.£coHK31I(Fig. 3.4). 
3.3.5 Recognition Site of R•五C(7HK31I 
The recognition sequence of R.£'coHK31I was found by double 
digestion of (t)X174 and M13mpl8 using R.EcoHK3 II and various enzymes with a 
known site on the sequences. Two sites on (i)X174 were located using Sspl and 
Pstl at positions 4169 and 4751 with an error range of 50 and 15 base pairs, 
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respectively. Two out of the three sites on M13mpl8 were located using ^/wNI 
and Bglil at position 5071 and 6289 with an error range of 50 and 15 base pairs, 
respectively (Fig. 3.5). The data was analyzed by a computer program ‘Rezyme’ 
and 6 putative sites were given (YGGCCR, CGRCCA, GGYCGT, YGGCCA, 
ACGCCA and TGGCGT). Only one of them 5'-YGGCCR-3' gave identical 
digestion pattern on these two DNA molecules (Fig. 3.6). 
3.3.6 Sensitivity of the to dcm Methylation 
The sensitivity on dcm methylation by R.£coHK3 II was demonstrated by 
the different digestion pattern between methylated and non-methylated pBR322 
DNA (Fig. 3.6A). One of the R.£coHK31I recognition sites 5'-TGGCCA-3' in 
pBR322 overlapped with a dcm site 5'-CCAGG-3' at position 1446. Modification 
of the internal cytosine reside by dcm methylation blocked the cleavage of the 
R.£coHK31I site. 
S ' - T G G C ^ C A GG-3， 
3，-ACCG GT'"C C-5' 
3.3.7 Cleavage Specificity of RJ?a?HK31I 
One of the cleavage sites on pUC19 at position 388 was chosen. 
The M13 reverse sequencing primer of the sequence 5'-AAC AGC TAT GAC 
CAT G-3，which is 73 nucleotides upstream of the cleavage site was used. As 
shown in Fig. 3.6B, the cleavage product of reaction I co-migrated with the T 
nucleotide, while that of reaction II co-migrated with the second C nucleotide, of 
the sequence TGGCCA in the sequencing ladder. This indicates that R.EcoHKS II 
cleaved the sequence 5 ' - Y > I G G C C R - 3 ' to produce a 4-nucleotide 5'-protruding 
end. 
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1 
Fig. 3.4 Over-digestion of R•五C£?HK31I on non-methylated lambda 
DNA. Ifig of non-methylated lambda DNA was incubated at 37°C in a 50^1 
reaction volume containing MSB (Appendix A) for 1 hour and various amount of 
R,£coHK31L Lanes: 1; 400-fold; 2，200-fold; 3, 100-fold; 4, 50-fold; 5，25-fold; 
and 6，13-fold. 
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Fig. 3.5 Double-digestion of (|)X174 and M13mpl8 DNA using 
R.EcoBK31I and various enzymes which produce a single cut on the DNA. 
Lanes: 1，(t)X174 R.£coHK31I digest; 1, ^X114 R.£'coHK31I and Sspl digest; 3， 
(|)X174 R:ECOHK311 and Pstl digest; 4，Lambda DNA Hindlll digest; 5， 
M13mpl8 R.EcoHK31I digest; 6，M13mpl8 R.五coHK31I and AlwNl digest; 7， 
M13mpl8 R.£coHK31I andBglU digest. 
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Fig. 3.6 Characterization of recognition and cleavage sites of 
(A) R.EcoHK31I digest. Lanes: 1, pBR322; 2，non-methylated 
pBR322; 3，pACYC177; 4，M13mpl8; 5, SV40; 6，(t)X174; 7，T7; 8，Ad2; 9，non-
methylated lambda; and 10, lambda DNA Bindlll digest. Computer generated 
pattern is shown on the right. (B) determination of K£coHK3 II cleavage site. 
Lanes A, C, G and T: the sequence ladder through £coHK3 II recognition site of 
pUC19 DNA. Lane I: the product of the primed-synthesis reaction was cleaved 
with R.£coHK311. Lane 11: the cleavage product was treated with T7 DNA 
polymerase. 
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The cleavage site of an unknown enzyme was usually chosen 60 to 
100 base pair downstream of the sequencing primer. Too near or far away from 
the primer will make the intensity of the band in reactions I and II too weak or 
difficult to be read. 
Sometimes, the presence of secondary structure adjacent to the 
recognition site of an unknown enzyme may cause the sequencing ladder (A, C, G 
and T) un-readable. This can be solved by elevating the electrophoresis 
temperature (Wu，et al., 1993). Alternatively, deaza-dGTP may be included 
during the termination reaction. Substitution of G with deaza-dGTP reduces band 
compression by decreasing the strength of the hydrogen bond between adjacent G 
residues. 
Precautions must be taken to prevent the occurrence of extra bands 
in the lanes of reactions I and IL Contaminating nuclease will cleave terminal 
nucleotides carrying extra bands smaller in size than expected. This problem can 
be resolved by adding a smaller amount of enzyme or using a better preparation of 
ENase. For thermophilic ENase, higher incubation temperature may suppress 
contaminating nuclease activity. Weak T4 DNA polymerase activity may be the 
prime cause on the formation of extra bands in reaction 11. Therefore, a good 
batch of T4 DNA polymerase should be used for reaction II. 
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CHAPTER FOUR 
Cloning of £:a?HK31I Restriction and 
Modification (R-M) System from 
Escherichia coli HK31 
4.1 Introduction 
Since the discovery of host restriction phenomenon by Luria and 
Human in 1952 and the first isolation of type I restriction enzymes EcoK and 
EcoB, research on restriction enzyme has grown rapidly. Not only because of the 
versatility of restriction enzymes on DNA cloning, but restriction enzymes 
themselves are good candidates for the study of the mechanism of protein-DNA 
interactions. An efficient method to clone restriction enzyme encoding genes was 
described by Mann et al (1978). A pre-requisite of the selection process is the 
expression of a methyltransferase gene in recombinant plasmid DNA. The 
protected plasmid DNA from the library are resistant to the corresponding 
restriction enzyme and recovered upon retransformation. This method was first 
used for the cloning of the bspRJM gene (Szomolanyi et al. 1980). Subsequently, 
it was used by the same researchers to isolate the Z j ^ R I M and SPR MTase genes 
(Kiss and Baldauf, 1983) and then the complete bsuK[RM system (Kiss et al, 
1985). In reference to the nationality of these workers, the technique has been 
called the 'Hungarian Trick' (Lunnen et al, 1988)，though the idea behind it may 
have originated in the United State (Mann et al., 1978). 
To date, more than 100 restriction and modification systems have 
been cloned and many of them are sequenced (Wilson, 1991). In attempt to 
increase the yield of ^coHK31I restriction enzyme for purification and 
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characterization, we moved to clone the complete R-M system using the method 
described above. In addition, sequence comparison of the cloned systems may 
reveal the evolution trend of these enzymes in different bacteria. Mutagenesis and 
deletion experiments of the cloned genes allow us to locate the functional domains 
of enzymes. These information are invaluable for us to understand the mechanisms 
ofprotein-DNA interaction. 
4.2 Materials and Methods 
4.2.1 Extraction of genomic DNA from E. coli HK31 
The chromosomal DNA of the E. coli HK31 was prepared by a 
method based on Marmur (1961). Single colony isolated from -70°C stock was 
inoculated into 150ml of LB broth and grew at 37�C overnight. The cells were 
harvested by centrifugation at 3，000xg (Backman，JAM rotor) for 15 minutes at 
4 � C and washed by resuspending in 50ml of TESl (30mM Tris-HCl; pH8.0， 
50mM NaCl and O.IM EDTA). The cells were centrifliged again and then lysed 
by resuspending in 5ml of PM (20mM Tris-HCl; pH7.5, 20% sucrose and 20mM 
MgCk) with the addition of 0.6ml of freshly prepared lysozyme solution 
(lOmg/ml). The mixture was incubated at 37°C for 1 hour or until the viscosity of 
the mixture was increased, indicating cell lysis. 
After the cells were lysed, proteins were digested by diluting the 
mixture to 25ml with 19.4ml TES2 (30mM Tris-HCl; pH8.0，SOmM NaCl and 
5mM EDTA), 1.3ml 20% SDS, 0.8ml proteinase K solution (Sigma, lOmg/ml in 
TES2) and incubating at 55�C for 30 minutes. The digested protein was removed 
by extracting the mixture with 1:1 phenol/chloroform (section 2.1.1). The trace 
amount of phenol in the aqueous phase was removed by mixing with equal volume 
of chloroform and the two phases were separated by centrifugation at 10,000xg 
(Backman, JA20). The DNA was extracted by adding 3M NaAc (pH5.2) to 0.3M 
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and two volumes of cold absolute ethanol. After stored at -20°C for 30 minutes, 
the high molecular weight chromosomal DNA floated on top of the solution and 
was recovered by a Pasteur pipette with a hook. The chromosomal DNA was 
dissolved in distilled water and further purified by CsCl/Ethidium bromide 
equilibrium ultrcentrifugation (section 2.2.8A). 
4.2.2 Extraction of Extra-Chromosomal DNA from E, coli HK31 
E. coli HK31 is resistant to ampicillin and tetracycline. As several 
R-M systems are located on bacterial plasmid DNA (Yoshimori, 1971), plasmid 
DNA from E. coli HK31 was also extracted and mixed with the chromosomal 
DNA for the cloning of R-M system. The method of plasmid extraction was the 
same as in section 2.2.8B. 
4.2.3 Restriction Digestion of the Total DNA 
0.5 ng of the E. coli HK31 DNA was digested with various amount 
of restriction enzymes including Eagl, BspHl, Fspl, HincU, Pvull, Sphl, Sail, 
Nhel, EcoBJ, HindUl, Pstl and Asel for Ihour with 25}il reaction buffer provided 
from the manufacturer at 3TC. The enzymes which produced more fragments at 
the 4 to lOkbp region were selected for construction of libraries. 
After the optimal digestion conditions of the selected enzymes were 
determined, the digestion was scaled up to 2\ig of the total DNA in a total volume 
of 100|LI1. When the digestion was complete, the protein was extracted by 
phenol/chloroform and the DNA was recovered by ethanol precipitation. The 
digested DNA was dissolved in 15|il of distilled water. Assuming 75% recovery, 
Ijil of such DNA solution contained lOOng of insert. 
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4.2.4 Preparation of Linearized and Dephosphorylated Vector 
The methods we used to prepare linearized and dephosphorylated 
vector were described in Sambrook et al. (1989). S i^g of the plasmid vector DNA 
(pBR322, pUC19 or pBluescript) were completely digested with a restriction 
endonuclease in an optimal digestion condition in a reaction volume of 50^1. 1^1 
of alkaline phosphatase (Boehringer Mannheim, l,OOOU/ml) and 5.5pi of lOxCIP 
dephosphorylation buffer (lOmM ZnCli, lOmM MgCl� and lOOmM Tris-HCl; 
pH8.3) were added and the ligation mixture was incubated at 37�C for 30 minutes. 
After incubation, another lU of alkaline phosphatase was added and the incubation 
was continued for another 30 minutes. 
The reaction was stopped by heat inactivation of enzyme at 65�C 
for 10 minutes and proteins were removed by phenol/chloroform extraction. The 
digested vector was recovered by ethanol precipitation and then resuspended in 
20^1 of distilled water. 
4.2.5 Fill-in Reaction 
Fill-in reaction was carried out by Klenow fragment on the DNA 
insert containing 5'-protruding ends. Klenow fragment is a proteolytic product of 
DNA polymerase I which retains polymerization and 3，~>5，exonuclease activity, 
but has lost the 5'->3' exonuclease activity. 
lug of DNA insert in 30|il reaction buffer (33^M of each dNTP, 
lOmM Tris-HCl; pH7.9，lOmM MgCl】，50mM NaCl and ImM DTT), was mixed 
with l^il of Klenow fragment (l,OOOU/ml, Boehringer Mannheim) and incubated at 
37°C for 15 minutes. The reaction was stopped by adding EDTA to lOmM final 
concentration and heating at 75�C for 10 minutes. Proteins were removed by 
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phenol/chloroform extraction. DNA was recovered by ethanol precipitation and 
then resuspended in 15^1 of distilled water. 
4.2.6 Ligation between Vector and Digested Chromosomal DNA 
In order to determine the optimal ligation conditions, a series of 
small scale reactions, in which the molar concentration of the vector remained 
constant while the amount of insert DNA varied, were proceeded. After the 
optimal relative concentrations of the vector and the insert had been determined, a 
large scale ligation reaction based on the optimal ratio of insert to vector DNA was 
prepared. In a 50|il ligation mixture, 200ng of linearized and dephosphorylated 
pBR322 vector, 200ng of digested DNA insert and 5|il of lOx ligase buffer (0.5M 
Tris-HCl; pH7.8，lOOmM MgCk, lOOmM DTT, lOmM ATP and 250|ig/ml) were 
mixed. 2\i\ of T4 DNA ligase (New England Biolabs, 400,000U/ml) was added 
and the mixture was incubated at 16�C overnight. 10^1 DNA samples were 
directly used to transform 200^1 E. coli GM2163 competent cells. Transformed 
cells were plated on LB agar plate with appropriate antibiotics. 
4.2.7 Selection of Clones Harboring Methyltransferase gene 
Recombinant clones of a plasmid library were pooled together and 
grown in 500ml LB broth with appropriate antibiotics at 37°C overnight. Plasmid 
DNA were purified using Qiagen tip-100 column (section 2.2.8B). l | ig of 
recombinant plasmid from each library was digested with 7U ^.Eael (an 
R.EcoHK3 II isoschizomer) in a reaction volume of 50^1 for 20 hours. R. Eael 
was used because it was readily available from New England Biolabs Inc. USA and 
DNA prepared from E. coli HK31 was completely resistant to its digestion (Fig. 
4.1). Plasmid DNA which did not carry or express ^coHK3 IIM gene would be 
digested in this selection process. After digestion, was removed by 
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phenol/chloroform extraction and all the digested plasmid DNA was transformed 
to 200|il competent cells GM2163 to recover un-digested plasmid DNA. 
4.2.8 Screening of the Survival Clones 
The survival clones were screened for the presence of insert and 
was described in section 2.2.1 IB. Those clones that harbor desirable insert size 
were grown and the plasmid DNA were purified to check the presence of in vivo 
methylation. Usually, 200ng of plasmid DNA was challenged with 3U R.Eael or 
R.£coHK3II in a reaction volume of \5\i\ buffer containing lOmM Tris-HCl; 
pH7.9，lOmM MgCb, 30mM NaCl and ImM DTT for 3 hours at 37T . Lack of 
digestion shows the presence of in vivo methylation of the recombinant plasmid 
DNA. In vitro restriction activities were assayed by using l^il of the bacterial cell 
extracts to digest 200ng non-methylated lambda DNA at 37�C. 
4.3 Results 
4.3.1 Construction of Genomic Libraries 
E. coli HK31 genomic DNA was purified by CsCl/Ethidium 
bromide equilibrium ultracentrifUgation to get rid of proteins and RNA molecules. 
Plasmids DNA from E. coli HK31 was purified by Qiagen column (Qiagen Inc.) 
(Fig. 4.2) and mixed with the genomic DNA in a 1:1 molar ratio. 
Four restriction endonucleases were chosen: EcoRI, Hindlll, Pstl 
and Asel. All of them are 6-bp cutter and produced fragment mostly of 4 to lOkbp 
in length (Fig. 4.3). The cloning vector we used was pBR322 which contains all of 
the above restriction sites and ampicillin and tetracycline for selection. The EcoBl 
and Hindlll libraries could be selected by ampicillin, while Pstl and Asel libraries 
could be selected by tetracycline. 
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Fig. 4.1 In vitro digestion of E. coli HK31 DNA. E. coli HK31 
chromosomal DNA was purified by CsCl/ethidium bromide ultracentrifligation 
(section 4.2.1)，plasmid DNA was purified by alkaline lysis method. 400ng of total 
DNA was digested with SUnit of restriction enzyme in 20|il MSB (Appendix A) at 
37�C for 3 hours. Products were analyzed by 1% agarose gel electrophoresis. 
Lanes: 1，lambda DNA Hindlll digest; 2, E. coli HK31 total DNA; 3，K.Eae\ 









Fig. 4.2 E. coli HK31 plasmid DNA. Purification ofE coli HK31 plasmid 
DNA was described in section 2.2.8. Lanes: 1，lambda DNA Hindlll digest; 2， 
200ng Qiagen tip-100 purified E. coli HK31 plasmid DNA. 
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Fig. 4.3 Restriction digestion ofE. coli HK31 total DNA. 500ng E. coli 
HK31 DNA was digested with various amount of restriction enzyme with a 25|il 
reaction buffer provided from the manufacturer at 37°C for 1 hour. Lanes: 1-3, 
10，5 and 2.5\5 Asel digest; 4-6, 4，2 and l U P M digest; 7-9，10，5 and 2.5\J Eagl 
digest; 10，lambda DNA///wdlll digest; 11-13，5，2.5 and 1.3U 万 5 p f f l digest; 14-
16，5, 2.5 and IJUF^/?! digest; 17-19, 20, 10 and 5U Hindi digest; and 20, uncut 
DNA. 
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Transformation of ligation mixture (containing 400ng DNA) in E. 
coli GM2163 generated 4.5x10^ 4x10^ 10x10^ and 3x10^ transformants in the 
EcdBl, Hindlll, Pstl and Asel library, respectively. 
4.3.2 Selection of the Methyltransferase Gene 
The procedure we used to clone the R-M system of £'coHK3 II 
requires that the genes express well enough in E. coli to modify the DNA. 
Modification renders the DNA resistant to digestion by the corresponding ENase. 
This enables an in vitro selection to be performed that permits the recovery of 
MTase clones as survivors from populations of recombinants (libraries). The 
selection was first used for the cloning of the Z s^pRIM gene (Szomolanyi et al., 
1980); subsequently, it was used by the same researchers to isolate the 
and SPR MTases genes (Kiss and Baldauf, 1983) and then the complete 万 似 R T R M 
system (Kiss et al, 1985). This procedure is now widely adopted for cloning of 
restriction and modification systems. 
Provided that the MTase gene can be cloned in one piece, is 
adequately expressed, and is not harmful to the host, application of this method 
yields clones containing desired MTase gene. If the MTase gene is closely linked 
to the ENase gene and if the association is maintained during cloning, it is possible 
to obtain clones that carry both MTase and ENase genes. 
All the transformants were pooled and inoculated into 500ml LB 
broth with appropriate antibiotics for the extraction of plasmid DNA. Plasmid 
DNA was screened for the presence of methyltransferase gene as described in 
section 4.2.7. No positive clones were found for the EcoRI, Hindlll and Pstl 
libraries. For the Asel library, after 140-fold overdigestion of the plasmid DNA by 
K.Eael, 200ng of digested plasmid DNA was transformed to 200|il E. coli 
GM2163. Thirty-seven colonies resistance to tetracycline were obtained and 7 
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contained insert. Five out of these clones randomly selected were fully resistant to 
Eael digestion in vitro (Fig. 4.4). 
4.3.3 In vitro Detection of R.ECOHK31I activity 
The plasmid DNA of the five putative positive clones were purified 
and digested with Asel. All of them produced identical insert size of 2.3kbp (Fig. 
4.4 and 4.5). Cell extracts prepared from clones were found to degrade non-
methylated lambda DNA in vitro, indicating the presence of ENase activities (Fig. 
4.6). 
4.3.4 Functional Localization of 五 a ? H K 3 1 I 
One of plasmid DNA named pEcoHK31A was chosen for further 
investigation. In the course of this work p£c(9HK31A was digested with several 
restriction enzymes known to be sensitive to either adenine or cytosine methylation 
and there was no indication that p^coHKSlA carried modification other than 
EcoHKS 11. There is a Eagl recognition site in the vector pBR322, but Eagl could 
not cut the pEcoHK.31 A, probably because this site overlaps with one of the 
EcoHK3 II degenerate sequences 5，-CGGCCG-3，. 
The 2.3kbp insert was mapped by various ENases and shown in Fig 
4.7. A 1.6kbp BamHl fragment was recloned in a plasmid vector pUC19 to 
produce pEcoHK2 IC. This resulting plasmid DNA was completely resistant to 
Ecom3 II or Eael digestion in vitro, indicating that the 1.6kbp BamEI fragment 
contained the ecoUK3 IIM gene. Upon subcloning experiments, the smallest clone 
that still expressed in vivo MTase activity was located in a 1.1 kbp BamYH-Asull 
fragment (Fig. 4.7). 
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Fig. 4.4 In vitro digestion of plasmid DNA from survival clones. Plasmid 
DNA was isolated by alkaline lysis method as described in section 2.1.7. Lanes: 1-
5, plasmid DNA isolated from Asel survival clones (the five putative positive 
clones); 6-9，plasmid DNA isolated from Pstl survival clones; 10, control plasmid 
6.2kbp; 11，lambda DNAHindlll digest and PhiX174 D^AHaelll digest; 12-20, 
same as lanes 1-9，except the plasmid DNA was digested with 3U R.Eael for 3 
hours at 37�C. 
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Fig. 4.5 Determination of the size of the cloned EcoHK31I R-M system. 
Lanes: 1，pBR322 vector; 2, pBR322 Asel digest; 3，p£coHK31A-2; 4， 
p£cc?HK3 lA-2 Asel digest; 5, p^coHK3 lA-4; 6，ipEcoHK3 lA-4 Asel digest; and 
7，lambda DNA55/EII digest. 
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Fig. 4.6 In vitro ENase activity assay. 1^1 of bacterial cell crude extracts 
were added in 15 |il MSB (Appendix A) containing 200ng non-methylated lambda 
DNA and incubated at 37�C for 15 minutes. The digestion produces were 
separated by agarose electrophoresis. Lanes: 1-5, survival clones from Asel 


















































































































































































































































































4.3.5 Subcloning of the Complete EcoBKSlI R-M System 
A 2.3kbp fragment was shortened and subcloned into a high copy 
plasmid vector pUC19 for expression of proteins. First, a 2.3kbp Asel fragment 
was prepared from plasmid pEcoHK31A and the protruding nucleotides of the 
insert were fill-in with Klenow fragment (section 4.2.5). The blunt-end fragment 
was subcloned into the Smal site of pUC19，giving a plasmid named p五�HK31B. 
p£'coHK31B was digested with Hindi and Nrul to generate a blunt-end 2.1kbp 
fragment and cloned into the Smal site of pUC19, giving a plasmid named 
pEcoBK3lE (Fig. 4.8). The plasmid was transformed into E. coli K802 for the 
expression of proteins. 
4.4 Discussion 
4.4.1 Construction of Genomic Libraries 
In the construction of the genomic libraries of E. coli HK31, 
several six-bp recognizing ENases were used to cleave the genomic DNA. Six-bp 
instead of four bp ENases were used because they generated fragments in the 
range of 4 to lOkbp. This size should include the whole R-M system if they lie 
side by side which is always the case. 
Several ENases were used to fragment the bacterial DNA. This is 
because if the ENase cuts within the MTase gene, chances to obtain fiinctional 
MTase gene will be rare. Clones will also be rare if no sites of the cloning ENase 
is found adjacent to the MTase gene. Because of this uncertainty, four libraries 
were prepared, each from a different restriction digest. Although this multiplied 
the work-load, it substantially increased the likelihood of a successful outcome. 
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7 p£'c^HK31A j pUC19 
Tef — P r 
Cut with Asel and the Cut with Smal and 
insert was fiU-m with . dephosphorylated 
Klenow fragment Ligation [ 
» 
y 
N r u l J r 
[AseVSmal] ^W ^ ^ {AseilSmaJ\ [pJ?a?HK31B p HmcU 
Amp^ 
Cut with HincR and Nrul 
and ligate to Smal digested pUC19 
Y 
_ ] H隨 
I pJ?a?HK31E I I 4.8kbp J 
^^ nimmim,! 
Ampr 
Fig. 4.8 Construction of plasmid p£"a?HK31E. Details of the 
construction of plasmid pj&coHKSlE were described in section 4.3.5. Tef: 
tetracycline resistance gene; Amp': ampicillin resistance gene. 
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Many ENases are sensitive to DNA methylation (McClelland et al, 
1994) and the isoschizomer of R.EcoHK3\l, RJEael is sensitive to dcm 
methylation (Jacobs and Brown, 1986). R.£coHK31I also digested methylated 
lambda DNA poorly and was blocked by dcm methylation (section 3.3.6). 
Therefore, competent cells that are dcm proficient are not suitable as recipient 
host. Besides, several groups have reported that modification of cytosine residues 
is extremely detrimental in E. coli (Blumenthal et al., 1985; Noyer-Weidner，et aL, 
1986; Raleigh and Wilson, 1986). E. coli K-12 possesses McrA and B systems 
(for modified cytosine restriction) that restrict DNA containing methylcytosine 
f C) residues (Piekarowicz et a/.，1991). Therefore, most cytosine-specific MTase 
fC5-MTase) genes cannot be cloned into Mr-proficient hosts. Plasmids 
containing such genes are restricted at the time of transformation, since they 
contain in their DNA. Therefore, to clone ecoHK3 IIM gene, a Mcr and dcm 
deficient host GM2163 {HsdKM,McrA-B', dam\ dcm) was used. 
The size of a library is important for successful cloning of a 
particular gene. Assuming complete randomness of sequence representation and 
each inserted DNA fragment is of identical size, then it is possible to determine the 
size of library that will have an arbitrary probability of including a particular DNA 




clones will have a probability p of containing any particular DNA sequence. 
Assuming the size of the gene coding for the R-M system and the size of the 
chromosomal DNA of 凡 coli HK31 are 4kbp and 4.2xl0'kbp, respectively. Then 
the number of recombinants required to get 99% of cloning the EcoBK3ll R-M 
system is 4833. We have constructed 4 libraries with sizes from 3x10^ to 10x10 
transformants and the possibility to obtain a cloned fragment is as follow: 
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Library No. of transformants Possibility 
EcoKL 4,500 98.6% 
Hindlll 4,000 97.8% 
Pstl 10,000 99.9% 
Asel 3,000 94.3% 
Therefore, we have a good chance to obtain a cloned fragment 
from one of the above libraries, provided that the MTase gene was not destroyed 
by the cloning ENases. 
4.4.2 Cloning ofEcoBKSlI Restriction and Modification System 
4.4.2.1 Selecting Endonuclease 
The ENase used to selectively digest the plasmid libraries is usually 
the same as that encoded by the system being cloned. For example, R.丑/"din was 
used to select ///wdllIRM clones, and R.Fokl was used to select/oAIRM clones. 
Occasionally, the ‘homologous, ENase is unavailable, an isoschizomer can also 
substitute, or alternately, a heterologous ENase which has a recognition sequence 
that overlaps with that of the MTase can be used. For example, K.Haelll was 
used to select the isoschizomeric 5仰RIRM genes (Kiss et aL, 1985); Sphl 
(GCATGC) was used to select nlaimA (CATG) clones, and KBanl (GGYRCC) 
was used to select nMVM (GGNNCC) clones (Lunnen et al., 1988). In this 
work, the chromosomal DNA prepared from E. coli HK31 was fully resistant to 
R.Eael and R.EcoHK3\l digestion (Fig. 4.1) and they shared identical recognition 
site (YGGCCR). Therefore, R.Eael was used to select the ecoHK31IRM genes. 
This is because at that time, we did not obtain highly purified R.EcoHK311. 
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4.4.2.2 Detection of Restriction Endonuclease Activity 
Five clones with plasmid DNA resistant to Eael and EcdHK3 II 
digestion were isolated from the Asel library. They have identical insert size of 
2.3kbp. This size is usually large enough for coding a complete restriction and 
modification system. The presence of the corresponding ENase gene in a MTase 
clone can be established by in vitro assay of cell extracts. However, several 
systems such as ovalRM and /zg/AIRM, have been found to express poorly in E. 
coli host (Lunnen et al., 1988). Over-expression of the R-M systems using high-
copy-number vectors or exogenous promoters such as phage X P L , proved helpful 
in positively identifying ENase activity. 
The expression level of R.£coHK31I in E. coli K802 harboring 
plasmid [p£coHK31E] was 5-fold higher than the wild type. In vitro restriction 
activity could be easily detected and the increased expression level might be due to 
the increase in copy number of the cloning vector pUC19. 
4.4.3 Functional Localization of the R-M System 
A l.lkbp Baml{i-AsuIL fragment was cloned into pUC19 to 
construct pEcoHK31D. This is the smallest clone that was fully resistant to 
^,Eae\ digestion in vitro. However, crude extract of the bacterial cells cannot 
methylate DNA molecules in vitro. We postulated that the BamUL site lies within 
the promoter region of the indigenous ecoHK3llM gene. The l.lkbp fragment 
isolated was unable to produce sufficient amount of MTase with the destruction of 
the promoter. On the other hand, a 1.4kbp Nrul-BglH fragment generated 
sufficient amount of MTase so that the bacterial extract could methylate DNA 
molecules in vitro. 
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Attempt to clone a ^coHKSlIR gene alone into a plasmid vector 
was unsuccessful because cellular DNA without prior modification would be 
degraded by the expressed ENase. However, exceptions have been found for 
PaeKJl, Avail, Haell, Hinfl, Pstl, Taql and Xbal systems in that the expression of 
ENases in E. coli host is possible in the absence of corresponding MTases (Lunnen 
et al, 1988). The viability ofRlVl" constructs argues that E. coli repair process 
might reverse damages generated by these ENases. In our case，GM2163 
apparently could not survive with ecoHK3llR alone. On the other hand, it is 




The Nucleotide Sequences of the 
EcoJiK31l R-M System 
5.1 Introduction 
To date, over 100 restriction and modification systems have been 
cloned and many have been sequenced (Wilson, 1991). In order to over-express 
the IIR gene and to study the genetic organization and structure-
functional relationship of EcoBK3 II R-M system, the sequence of the cloned 
2.1kbp fragment is determined. The method we used to determine the DNA 
sequence is the dideoxy-mediated chain-termination method modified from Sanger 
etal. (1977). 
Dideoxy sequencing depends upon base-specific termination of 
enzyme-catalyzed primer extension reactions. Four separate reactions are 
performed, all containing primer，template, and the four deoxynucleotides, but 
each including a different chain-terminating dideoxynucleotide. In each reaction a 
mixture of fragments is generated, each terminated with the particular 
dideoxynucleotide present in that reaction, and thus each representing an 
occurrence of the corresponding deoxynucleotide in the sequence. When the 
products of the four reactions are electrophoresed side-by-side, the sequence in 
which nucleotide is added to the primer can be deduced from the sequence in 
which successively larger fragments occur in the four lanes. The positions of the 
separated fragments are detected by radioactive labeled deoxynucleotides 
introduced either before or during the primer extension reactions. 
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A commercially available T7 DNA sequencing kit (Pharmacia) 
adopted T7 DNA polymerase, in lieu of Klenow fragment of E. coli DNA 
polymerase I，has been routinely used in our sequencing work. T7 DNA 
polymerase has high processivity and polymerization rate, longer chain-terminated 
fragments (> one kilobase in length) can be generated very rapidly and with a more 
even distribution of labels between fragments. It can tolerate substrate analogies, 
the same set of sequencing mixes may be used for either ^^P or ^^S. Moreover, T7 
DNA polymerase incorporates ddNTP at about the same efficiency as 
deoxynucleotides while Klenow fragment has a several-thousand-fold preference 
for a dNTP over the corresponding ddNTP. 
Plasmid DNAs used for sequencing should be high in purity. 
Contamination with proteins or RNAs, will seriously affect the readability of the 
sequencing results. For small scale preparation, DNA prepared from Wizard mini-
prep DNA purification kit (Promega) are used. For large scale preparation，DNA 
prepared from CsCl/ethidium bromide equilibrium ultracentrifugation or Qiagen 
tip-100 are good alternatives. 
5.2 Materials and Methods 
5.2.1 Sequencing Strategies 
The recombinant plasmid ofp£'coHK31E which contained a 2.1kbp 
insert was mapped by various restriction endonucleases. Fragments of sizes from 
0.4 to 0.6kbp were prepared and cloned into pUC19 or pBluescript vector for 
sequencing using dideoxy sequencing method (Fig. 5.1). Sequencing was 
performed using the forward 5，-GTAAAACGACGGCCAGT-3，and backward 5，-
AACAGCTATGACCATG-3，primers of the vector. Several oligoprimers were 
also synthesized to sequence both strands of the genes completely. The sequences 
of the primers are listed below: 
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Primer 1 5'-TTTCCAATGCGAAATCAA-3 ‘ 
Primer 2 5’-AATTCGACCAACGTATCG-3’ 
Primer 4 5'-GCATCTCAAGCAGGACCT-3' 
Primer 5 5'-CAGTGAGTATCGCGGAAT-3' 
Primer 6 : 5'-CGACACATCCTGGCAAGG-3' 
Primer 7 5'-GTTTCGCATAGTATTTGC-3， 
Primer 8 5'-TCAAAAATCCTACACCTC-3' 
Primer 9 : 5 ‘ -AATACTTTGGAAC ACCC-3 ‘ 
Primer 10 : 5'-GCCTATCAAAAGCAGAT-3 ‘ 
Primer 11 5'-GCTGATCTACAAGGACA-3' 
Primer 12 : 5 ‘ -CCGATCCCGTTAATC AT-3 ‘ 
The positions of annealing of these primers are shown in Fig. 5.1. 
5.2.2 DNA Sequencing 
Please refer to section 2.3 for DNA preparation, denaturation, 
annealing and sequencing. 
5.2.3 Sequence Analysis 
DNA sequence assembly and translation were done using a 
computer program DNASIS. Sequence comparison was done by using the GCG 
software package distributed by the University of Wisconsin (Devereux et al.， 
1984). Dot plot comparison of proteins was done using PRO SIS. 
5.3 Results and Discussion 
5.3.1 Nucleotide Sequences and Deduced Amino Acid sequences 
The nucleotide sequence of the cloned fragment contains 2164 
nucleotides (Fig. 5.2). Translation of the sequenced fragment was done and two 
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g S S 
(A) ^ I ^ G ^  ^  ^ ^  ^ ^ ^ 
0 1.0 2.0kbp 
( B ) LpKF8 I 1 
2. pKF3 1 1 
3 pKFlS 1 ‘ 
4. pKF5 I ‘ 
5. pKF2 I 1 
6. pKF7 ‘ I I 
7. pKFl i j 
8. pKF12 ‘ ^ I I I I ^ 
9. pKF9 , , 
10. pKF4 ‘ 
( C ) , _ _ . 
Fig. 5.1 Sequencing strategies on the EcoHKZll R-M system. (A) 
Restriction map of the 2.1kbp fragment containing complete ^coHK31I R-M 
system. (B) Construction of subclones for DNA sequencing. (C) Sequencing of 
the complete 2.1kbp fragment. Arrows indicate the direction of sequencing. 
Arrows marked with filled and open circles were sequenced using forward and 
backward primers, respectively. Other sequences are generated by oligoprimers as 
indicated in (B), 
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M K K K 
GGCTGGTTTCCGTTAGGATCCTTGGTTCAAAAAGTGATGAAAAAGCCGATATGAAAAAGA 240 
P L K Q Y K V S S F F A G I G G F D L G 
AACCACTGAAACAGTACAAGGTATCCTCGTTTTTCGCAGGGATTGGTGGATTCGATCTTG 300 
L E K A G M E V V F Q C E I N K F C Q K 
GTCTTGAGAAAGCGGGGATGGAAGTTGTTTTCCAATGCGAAATCAACAAATTTTGCCAGA 360 
V L R K N W S K V P L H T D I T R L N A 
AAGTACTTAGAAAGAATTGGTCAAAAGTTCCACTACATACTGATATTACACGACTTAATG 420 
D E ' I P E S N V W C G G F P C Q D V S S 
CTGATGAGATCCCAGAGAGCAACGTTTGGTGTGGTGGTTTTCCTTGCCAGGATGTGTCGT 480 
A N Q G K R K G L E G A R S G L F Y T Y 
CAGCTAACCAAGGAAAGCGGAAAGGTCTAGAAGGGGCCCGAAGCGGCTTATTTTATACAT 540 
A K L I E E R K P E W L I I E N V P G L 
M Q N S S K K E S L N G L L L K M F P D 
ATGCAAAACTCATCGAAGAAAGAAAGCCTGAATGGCTTATTATTGAAAATGTTCCCGGAC 600 
L N S H N G Q D F K V V I D T L V E F G 
C S T A T M D K T S K L S S I R W S N S 
TGCTCAACAGCCACAATGGACAAGACTTCAAAGTTGTCATCGATACGTTGGTCGAATTCG 660 
Y G V S W R V L D A K Y F G T P Q R R R 
G M A F R G E Y W M Q N T L E H P S V E 
GGTATGGCGTTTCGTGGAGAGTATTGGATGCAAAATACTTTGGAACACCCCAGCGTAGAA 720 
R V Y I V A S L G D M R S A R V L F E P 
E E C T L S Q V L E T C A P L E S F L N 
GAAGAGTGTACATTGTCGCAAGTCTTGGAGACATGCGCTCCGCTCGAGTCCTTTTTGAAC 780 
G A T R I V D K Q G Q G E R A N A S G A 
P E Q L E S L I N R A K E R G Q M L P E 
CCGGAGCAACTAGAATCGTTGATAAACAGGGCCAAGGAGAGAGGGCAAATGCTTCCGGAG S A O 
S A T G L S K A D I Y S I Q H A S I G R 
P L L Q A Y Q K Q I S I L S S M Q V L D 
CCTCTGCTACAGGCCTATCAAAAGCAGATATCTATTCTATCCAGCATGCAAGTATTGGAC 900 
K A T A G P Q A K G Y R N D G E T Y T L 
E K Q P Q D L K Q K D T G T M E K P T L 
GAAAAGCAACCGCAGGACCTCAAGCAAAAGGATACAGGAACGATGGAGAAACCTACACTC 960 
D S R G S S D A V C A P D A A F R V R A 
L T Q E E V Q M L Y V R R M L P S E Y E 
TTGACTCAAGAGGAAGTTCAGATGCTGTATGTGCGCCGGATGCTGCCTTCCGAGTACGAG 1020 
S T G I S R E L D S N R F R A V G N A V 
R L Q G F P E N W T L I D S E Q * CGTCTACAGGGATTTCCCGAGAACTGGACTCTAATCGATTCAGAGCAGTAGGGAACGCTG 1080 
A V P I V E W L G K R I V L V D Q Q V L 
TCGCGGTCCCTATTGTTGAATGGTTAGGAAAAAGAATTGTCCTTGTAGATCAGCAGGTGC 1140 




• R P M I T V S S N D L R L F S G E F L 
A A G T C C C G C A C C A C G C G G G A C T A G A C A A T C T T T A G A A T G T T T A C A A C T T A T T A A C C A C T T 1 2 6 0 
E P R P A G Q D T L F R V F T S Y N T F 
A T C A C A A A A A C T C A G T A G T T A C T A A T T G C C C T A G C C G G G A C C T G C A C C A A G T A G G C T A C A 1 3 2 0 
L T K S D D I I L P I P G P R P E D S T 
TAGAAGGAACTTTCGATTTTATGTATTACAGGTCAATACCCGAAAGTCTAGAGACTCTAA 1380 
D E K F A L I C L T W N H A K L D R L N 
A C G T A A G G A T T T T G C A G A C A C A T T T A T C A G T A T C T C A T T C G A T G G C T G T C G T T T T T G C T A 1 4 4 0 
A N R F R R H L Y D Y L L S G V A F V I 
AAAGGGAGGCCAAACTAGCTGTTGTAAGGGAAACTGTTCTTTAACAAGAACGACAGCAGA 1500 
K G G T Q D V V N G K V L F Q E Q Q R R 
GGTACGCAAACAAAGCTATCATAAACGACGATGTCCAACAGAATCTTAAAGTAATCATCC 1560 
W A N T E I T N A A V P Q R L I E N T P 
TTTGAGTTCTAGTCGGGTACGTCGCTATACAGCTCATTAAAGAGGTCACGATGAACAAAG 1620 
F E . L D A W A A I H R T I E G T S S T E 
AGGTGGTGGAACGTAGAGTTCGTCCTGGAGTAGTTGAGAAGGGGATGGGCTTTTTAAAGA 1680 
G G G Q M E L L V E D V R G R G S F N R 
GTAATGTATCAGACGTACCATCGATAATAGTCTTAGACCATTTCCTTATAACTGAAGAGA 1740 
M V Y D A H Y S N D S D P L P I N V E R 
AGAATGTGGTTAAAGACTTAGGACATTAAGTCCTAGGACTATTTACTCAAAACGATGAAA 1800 
R V G I E S D Q L E P D Q Y I L K A V K 
GGCATTATATAGAGAAACTACAAGTTGGTTTTATAAAAGTTAAACAAAAAATGCTGGTAA 1860 
R L I D R Q H E V L I N E I Q K K R G N 
ATGTTACTGACAGAAAAAGACCGCTCATCTTGTATCGGCTACAAGCGTTTGATAGGTTTG 1920 
V I V T K K Q R T S C L R H E C V I W V 
TCAAGGTAGACCAAACGCCTGTGACGTATGTCCTCCACATCCTAAAAACTGGAATGAACG 1980 
T G D P K R V S C V P P T P N K V K S A 
AAACAGTGTCCAAGCTAGGTATTTTCCCGTAACATAAACGCATGGAAAACGTTGCCCTTG 2040 
K D C T R D M F P C Q I Q T G K A V P V 
TTAGACAACCAGATGTAGACAAGAAACTGGATTTATAAGGCGCTATGAGTGACGGTAACG 2100 
I Q Q D V D T R Q G L Y E A I S V A M 
AGTAAGGAGTCAGTTCTTAGMI^GCTATACTAGTATCACTCACCATTAAATACAM.A 2160 
**** -10 -35 
ATAA-5' 2164 
Fig. 5.2 Nucleotide sequence of the ^c^?HK31IRM genes and the 
deduced amino acid sequences of the R•五a?HK31I (position 1143-2097), 
M•五C0HK31I polypeptides a (position 231-1158) and p (position 541-1069). 
Shine-Dalgamo and stop codons are marked by asterisks. Potential -10/-35 
regions of ecoBK3 IIR and ecdHK3 l IMa were underlined. 
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large open reading frames (ORFs) were identified. Assignment of the ecoHK3 IIM 
and ecoHK3 IIR genes were based on the results of the deletion mapping 
experiments. In addition, a small ORF, which translated in an alternate reading 
frame of ecdHK3 IIM, was also found (Fig. 5.2). 
The ORF encoding 五a?HK31I methyltransferase which latter 
assigned as ^coHK31IM polypeptide a , consists of 927bp with the translational 
start codon, ATG, at nucleotide (nt) 231 and the stop codon，TAA, at nt 1158. 
This ORF encodes a protein of 309 aa with a calculated MW of 34.0kDa. The 
assignment of the translational start of the ^coHK3 IIM gene was verified by the 
N-terminal sequencing of the M.EcdHK3 II protein transferred to a PVDF 
membrane (section 2.2.14). The amino acid sequence obtained (Met-X-X-X-Pro-
Leu-X-Gln) corresponds to the predicted sequence (Met-Lys-Lys-Lys-Pro-Leu-
Lys-Gln) of M.£'coHK31L The amino acids in cycles 2，3，4 and 7 were 
unidentified because certain amino acids released from PVDF membrane may be 
undetectable (Jackson, K.，personal communication). Upstream of the 
^coHK31IM gene, a putative -35 region (TTGGCA) at position 78-83 and a -10 
region (TATAAT) at position 99-105 were found. However, no obvious Shine-
Dalgamo (S/D) sequence upstream of the start codon could be identified (Fig. 
5.2). 
The ORF encoding EcoHKSlI restriction endonuclease starts at an 
ATG codon at position 2097 of the complementary strand and ends on an TGA 
codon at position 1143，coding for a protein of 318 aa with a calculated MW of 
36.1kDa. Like the MTase，the assignment of the translation start codon of 
ecoHK31IR was verified by the N-terminal sequencing of the purified protein. In 
N-terminal determination, the first methionine was missed; otherwise, the amino 
acid sequence obtained (Ala-Val-Ser-Ile-Ala-Glu-Tyr-Leu) would match exactly 
with the predicted sequence. Upstream of the ecoHK3lIK gene, a putative -35 
region (TTGACA) at position 2159-2154 and a-10 region (TATAAG) at position 
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2125-2119 were found. Moreover, a putative S/D sequence (AGGA) was 
identified at position 2108-2105 (Fig. 5.2). 
A small ORF with a start codon ATG at position 541 and a stop 
codon TAG at position 1069，coding for a polypeptide of 176 aa, was identified to 
be the unknown protein consistently associated with the M.EcdW3\l during 
purification steps (Chapter 6). N-terminal sequencing of the purified unknown 
proteins (Met-Gln-Asn-Ser-Ser-Lys-Lys-Glu) which latter assigned as 
ecdHK3 IIM polypeptide P matched exactly with the predicted sequence of this 
small ORF which, in turn translated in an alternated reading frame of polypeptide a . 
No obvious promoter sequence was found upstream of the gene and translation of 
the gene was probably mediated by the ecoHK3 IIM polypeptide a (Fig. 5.2). 
The base composition of the EcoHKSlI genes is quite different on 
their A+T content: 60% for the ENase, 54% for MTase polypeptide a and 52% 
for MTase polypeptide p. The values are slightly higher than the average (49%) 
A+T content oiE. coli (Zakharova et al, 1993). 
The ecdHK3WM and ecdHK2 IIR genes were translated 
convergently and there are 14bp overlapping at their C-terminus. This genetic 
arrangement is not uncommon and has been reported before (Wilson, 1991). 
Genetic arrangement of 彻 B I genes were overlapped by 17bp (Xu et al., 1992). 
However, most restriction and modification systems are separated by an intergenic 
region of up to 780bp (BsuBT) in length (Kiss et al, 1985). 
5.3.2 Comparison of Amino Acid Sequences 
Sequences have been reported for over 100 cloned restriction and 
modification (R-M) genes. The FASTP program was used to compare the 
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£coHK31I R-M enzymes with the complete contents of the PIR, Genebank and 
EMBL databases. 
The amino acid sequences of the £boHK31I proteins were 
compared with other known endonucleases and methylases. As expected, 
significant homologies were neither detected between M. £'coHK3 II and R. 
EcdHK3 II，nor between R. EcdHK3 II and any other restriction enzymes including 
[GGCC] (Kiss et al., 1985), R.Ngom [GGCC] (Sullivan and Saunders, 
1989)，or endonuclease with related specificities, like RMspl [CCGG] (Linn et al., 
1989) and KBard [GGYRCC] (Maekawa et al., 1990). Only a few isoschizomer 
pairs have been reported to have high degree of amino acids identities: EcoKL and 
Rsrl recognizes GAATTC, BsuFl and Mspl recognizes CCGG, BsuBI and Pstl 
recognizes CTGCAG, Tagl and m H B I recognizes TCGA, shared 50%，45%, 
46% and 77% identities, respectively (Heitman, 1993). 
All prokaryotic m5C-MTases have ten conserved motifs (Posfai et 
al., 1989; Dusterhoft et al., 1991; Kumar et al., 1994). All the conserved motifs 
were also found in the M EcdHK3\l polypeptide a , except motif IX was found in 
polypeptide P (Fig. 5.3). Homology of M.£'coHK31I with some of the m5C-
MTases which recognize related DNA sequences such as GGCC ( 份 w R I and 
Ngom\ CCGG (BsuVl and Mspl\ GCGC {Hhal) and GGYRCC {Banl), are 
shown in Figure 5.4. Global alignment of M.EcdHK2II and MMspl 
demonstrated a significant sequence homology. We found an overall identity of 
30% and a further 43% if conservative replacements were permitted. There is 
overall identity of 23% and a further 26% homology between M.EcdHK3 II and 
Hhal (GCGC) and overall identity of 22% and a further 43% homology between 
M.£'coHK3 II and NgoYH (GGCC). Weaker, but significant homology exists 
between the M. EcdHK2\l and other m5C-MTases. High sequence homologies 
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Fig. 5.3 Sequence of the 1.2kbp fragment containing the EcoEK5ll 
methylase gene encoding a and P polypeptides, a polypeptide is translated at 
nt 231 and shown above the DNA sequence. P polypeptide is translated at nt 541 
and shown below the DNA sequence. The ten highly conserved motifs in m5C-
MTases are marked by I to X. Sequence comparison with other 21 m5C-MTases 
(Dusterhoft et aL, 1991) shows invariant (circles) and conserved (underlined) aa 
residues. Motif IX is located in polypeptide P. 
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Fig. 5.4 Dot-plot representation of homologies between M. EcoHK3ll 
polypeptide a and some other MTases. (A) M.Bsum, (B) MN^oPU，(C) 
M.BsuFl (D) MMspl, (E) M.Hhal, and (F) M.Banl. The dot matrixes were 
generated by the program PRO SIS. Diagonal lines indicate regions of strong 
homology. For all comparisons, the check size and the matching amino acid 
numbers are 10 and 5, respectively. 
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No significant sequence similarity was found between the M. 
£coHK31I polypeptide P with other m5C-MTases. Some homology was found at 
the C-terminus with M. to3AI , M.Hpall and M.Banl which shared 24% (27/114)， 
26% (26/106) and 25% (25/102) amino acids identity, respectively (Fig. 5.5). 
Homology was found to locate at the conserved motif IX (RER). 
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Purification and Characterization of 
EcoRK5ll Methyltransferase from 
E. coli K802 [p£:c^HK31E] 
6.1 Introduction 
DNA methyltransferases (MTases) are found in organisms ranging 
from bacteria to mammals. They recognize specific DNA sequences and transfer a 
- • ‘ ‘ . 
methyl-group from the cofactor S-adenosyl-L-methionine (AdoMet) to adenine or 
cytosine residue. Being a component of the bacterial restriction and modification 
system, the function of bacterial DNA-MTases are to protect the hosts' DNA from 
the corresponding ENase digestion. Three types of MTases are known: N6-
methyladenine, N4-methylcytosine and 5-methylcytosine. 
The Ec6HK3\l R-M system was cloned and M.EcoBK3II 
polypeptide a showed significant homology with other m5C-MTases (Chapter 5). 
Nine out of the ten conserved motifs were found. The missing conserved motif IX 
was found in M.EcoBK3ll polypeptide p. We conclude that M.EcoHK3ll is a 
cytosine-methyltransferase. However, does polypeptide a alone carry out 
modification and what is the function of polypeptide P? The cytosine residue that 
M.EcoHK3 II modifies is unknown, although we have demonstrated that 
modification of the internal cytosine residue in the recognition sequence (5，-
YGGC"CR-3，）by dcm methylation protect the DNA from R.^coHK31I digestion 
(section 3.3.6). In the following two chapters, the proteins coding for 
M.£coHK31I are purified and characterized and their methylation specificity are 
studied. 
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6.2. Materials and Methods 
6.2.1 Preparation of Crude enzyme Extract 
E. coli K802 [p£'coHK31E] was grown overnight in 2L LB 
medium at 37�C with 50jig/ml ampicillin. About 7g of the cell paste was collected. 
Following the procedures described in section 3.2.1，crude bacterial enzyme 
extract was prepared. 
6.2.2 Purification of 
The crude extract (20ml) of M,EcdHK2 II was loaded onto a 
DEAE-Sephacel anion-exchange column (Pharmacia, 2.2xl3cm) which was pre-
equilibrated with buffer A (20mM Tris-HCl; pH8.3，5mM P-mercaptoethanol, 
O.lmM EDTA and 5% glycerol) at a flow rate of O.Sml/min. The column was 
washed with buffer A until the O.D.280nm of the flow through reached almost zero. 
Proteins were eluted at 3ml/fraction with a 300ml linear gradient of 0-0.6M NaCl 
in buffer A. Fractions were assayed for MTase activity (section 6.2.3.1). Active 
fractions (25ml) were pooled, diluted with 2 volumes of buffer C (20mM Tris-HCl; 
pH7.5, 5mM P-mercaptoethanol, O.lmM EDTA and 5% glycerol) and applied to 
an Affi-gel Heparin agarose column (Bio-Rad, 1.8x10cm). The column was 
washed with buffer C until O.D.280nm of the flow through reached almost zero. 
The enzyme was eluted at 3 ml/fraction with a 300ml linear gradient of 0-1.OM 
NaCl in buffer C. The eluate contained two protein bands in SDS-PAGE. In 
order to separate the two proteins, the following scheme was tried out. Active 
fractions were pooled and dialyzed against buffer C containing 50mM NaCl. 
Proteins were loaded onto Affi-gel blue agarose column (Bio-Rad, 2.5xlOcm) and 
eluted with 300ml linear gradient of 0.05-0.8M NaCl in buffer C. Active fractions 
were pooled and concentrated by Amicon concentrator (Amicon) and loaded onto 
an FPLC-Superosel2 column. Proteins were eluted with buffer C containing 
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150mM. Active fractions were collected and dialyzed against storage buffer 
(section 3.2.2). The methyltransferase was stored at -20°C. 
6.2.3 Characterization oiEcoEKZll Methyltransferase 
6.2.3.1 Enzyme Activity assay 
The standard assay involves the addition of Ifil of cell extract to 
10^1 methylase reaction buffer [lOmM Tris-HCl; pH7.5, 50mM NaCl, lOmM 
EDTA, 80|iM AdoMet (Sigma) and 5inM (3-mercaptoethanol] containing Ijig 
non-methylated lambda DNA (Sigma) and incubated for 1 hour at 37°C. 
Sometimes, pUC19 DNA was used to detect those fractions containing methylase 
after column purification, DNA samples after phenol/chloroform extraction were 
digested with 5U of R.£coHK31I in reaction buffer (lOmM Tris-HCl; pH7.9， 
lOmM MgCl2, 50mM NaCl and ImM DTT) for 1 hour at 37�C and analyzed by 
gel electrophoresis. 1 unit of M.£'coHK31I was defined as the amount of enzyme 
required to protect Ifig non-methylated lambda DNA in one hour at 37°C in a 10^1 
reaction mixture against cleavage by EcdHK3 II restriction endonuclease. 
6.2.3.2 Determination of Methylation specificity 
The method used to determine M . J E C O H K 3 II methylation specificity 
was based on Jacobs and Brown (1986) using (j)X174 RFl DNA as substrate. 5U 
of M.EcdHK2II was added into lOfil methylase reaction buffer (section 6.2.3.1) 
containing l^g (t)X174 RFl DNA and incubated at 37�C for 1 hour. DNA samples 
after phenol/chloroform extraction were completely digested with 5U of ^.HaeUl 
(New England Biolabs Inc.) in the reaction buffer provided. DNA fragments were 
resolved by electrophoresis at 8% polyacrylamide gel in Ix TBE buffer (Appendix 
A) using Protean II Slab electrophoresis Cell (Bio-Rad). A constant voltage of 
60V was applied and the DNA bands were stained with ethidium bromide. 
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6.2.3.3 Determination of Molecular weight of M.EcoEKZll 
The molecular weight (MW) of native M.£'coHK3 II was 
determined by size exclusion chromatography using FPLC-Superosel2 
(Pharmacia). For native MW determination, M.^coHK31I after DEAE-Sephacel 
and AfFi-gel Heparin agarose chromatography was loaded onto Superosel2 
column. M.EcoHK31I and protein standards (Aldolase, BSA, ovalbumin, 
chymotrypsinogen A and ribonuclease A) were eluted with ISOmM NaCl in buffer 
C at a flow rate 0.4ml/min. M.£'coHK3 II denatured molecular weight was 
determined by 12% SDS-PAGE using low molecular weight markers as standards 
(Pharmacia). 
6.2.3.4 Determination of M.£c£7HK31I Kinetics 
The method used to study M.£coHK3 II kinetics is based on Rubin 
and Modrich (1977). The standard assay for methylase activity measures transfer 
of^H-methyl groups to pWM2372 DNA. Construction of pWM2372, a derivative 
of pWM528 containing a unique ^coHK31I site, is described in Fig. 6.1. 
Reactions (0.1ml) contained O.IM Tris-HCl (pH7.5), 5mM EDTA, 400^g/nil of 
bovine serum albumin, 20nM pWM2372 DNA, SmM P-mercaptoethanol and 3|iM 
；^H]-AdoMet. After incubation at 37�C for 10 minutes, 80^1 samples were spotted 
onto Whatman DE81 filter papers. Filter papers were washed 3 times with 50mM 
KH2PO4, once each with 80% ethanol, 95% ethanol and anhydrous ethyl ether for 
10 minutes each (100ml for each wash). The filters were dried under an infra-red 
lamp and labeled DNA bound to the filter papers was quantitated by determining 
the tritium content with a Beckman LS6000SC liquid scintillation counter. The 
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Fig. 6.1 Construction of pWM2372 DNA. A 320bp PvulU fragment was 
isolated from pUC19 and ligated to a Smal cleaved pWM528. The final plasmid 
pWM2372 contained a unique £coHK31I site in the insert. For kinetic studies, 
pWM2372 was linearized by ^/vvNI restriction enzyme before assay. Amp": 
ampicillin resistance gene. 
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6.3 Results and Discussion 
6.3.1 Purification of£c<7HK31I Methyltransferase 
E. coli K802 harboring recombinant plasmid pEcoHK3 IE produces 
both R . 彻 H K 3 I I and M.EcoHK3 II enzymes. Both enzymes bound to a DEAE-
Sephacel column at pH8.3. M.EcoHK31I was eluted from 0.25 to 0.35M NaCl 
(Fig. 6.2) which was partially overlapped with R.EcoHK31I of 0.30 to 0.40M. 
Active fractions of M.£coHK31I were diluted with 2 volumes of buffer C (20mM 
Tris-HCl; pH7.5, SmM p-mercaptoethanol, O.lmM EDTA and 5% glycerol) and 
loaded onto Affi-gel Heparin agarose column. M.EcoHK3 II was eluted from the 
column at 0.4-0.5M NaCl (Fig. 6.3) Protein fractions were analyzed with SDS-
PAGE and fractions that contain M.EcoHK3 II activity were found to contain two 
prominent protein bands of sizes 38KDa and 23KDa (Fig. 6.4). Attempts to 
separate both proteins using Affi-gel blue agarose column was not successful. 
They co-eluted at 0.4M NaCl in buffer C. Size exclusion chromatography using 
FPLC-Superosel2 had also been used. However, these proteins also eluted as a 
single peak with an apparent molecular weight of 61KDa (section 6.3,3). 
Therefore, solution containing these two proteins was used to assay for MTase 
activity. The activity after DEAE-Sephacel and AfFi-gel Heparin agarose was 
L9xlO^U/g wet cell for 6.7g cell paste (Table 6.1). 
Purification Total Units Total protein. Specific activity Yield Purification 
steps (U X10^) (mg) (U/mg) (%) Factor 
Crude lysate 4.05 376 10,771 100 1 
DEAE-Sephacel 3.33 173 19,249 82 1.8 
Affi-gel Heparin 1.28 9.0 142,222 32 13.2 
* Protein concentration was determined by Bradford assay. 
Table 6.1 Purification of recombinant M.^coHK31I from 6.7g of 
bacterial cells. 
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Fig. 6.2 The elution profile and methylation assay of 
fractions obtained from DEAE-Sephacel column. Upper panel: In vitro 
methylation assay using pUC19 DNA. Details were described in section 6.2.3.1. 
Lower panel: Elution profile of the proteins (3ml/fraction). • ： Absorbance， 
— A — : [NaCl]. 
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Fig. 6.3 The elution profile and methylation assay of M.J5:c^?HK31I 
fractions obtained from Affi-gel Heparin agarose column. Upper panel: 
vitro methylation assay using pUC19 DNA. Details were described in section 
6.2.3.1. Lower panel: Elution profile of the proteins (3ml/fraction). • ~ ~ : 
Absorbance, 一 A — : [NaCl]. 
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6.3.2 M.£c<?HK31I Modification Specificity 
Restriction endonuclease HaeWl was used to determine which of 
the two cytosine residues in each strand is the site of modification. This enzyme 
recognizes and cleaves the sequence 5'-GGCC-3' to leave flush termini. The 
central tetranucleotides of the £coHK31I site is an Haelll site，and HaelU is 
known to cleave the sequence but it does not cleave the sequence 
5，-GG5"^CC-3，(Nelson et al., 1993). We therefore modified (t)X174 RFI DNA 
with M.ECOHK31I and compared the i/adll-cleavage pattern of the modified 
DNA with that of the unmodified DNA (Fig. 6.5). Modification of DNA with 
M.EcoHK3ll protected the two EcoHK3ll sites at position 4205 and 4757 
against ifa^III digestion. Two new fragments of sizes 1359 (1078 + 281) and 389 
(271 + 118) bp were generated. Therefore, the internal cytosine residue was 
modified by M.EcoHK3ll and rendered the ^coHK31I sites resistant to Haelll 
cleavage in vitro. 
6.3.3 Determination of Molecular Weight of M.J?coHK31I 
After passing through DEAE-Sephacel and Affi-gel Heparin 
agarose, M.EcoHK31I was loaded onto Superosel2 in an attempt to separate the 
23KDa protein from the putative 3 8KDa IS^Tase. However, we found that both 
proteins eluted as a single peak with apparent molecular weight of 61KDa (Fig. 
6.6). Increasing the ionic strength of the elution buffer had no effect on protein 
separation, suggested that the association of the proteins was very tight. This was 
further confirmed by including a strong denaturing agent 6M guanidine-
hydrochloride (Gu-HCl) in the elution buffer. The proteins dissociated and eluted 
as two peaks of apparent molecular weights of 40 and 25KDa. This co_ 
incidentally matches with the molecular weight of the two proteins separated by 
12% SDS-PAGE (Fig. 6.7). 
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Fig. 6.4 The purification profile of M•五C0HK31L Lanes: 1, low 
molecular weight markers (Pharmacia); 2，E. coli K802 [pEcoHK31E] crude 
extract; 3，DEAE-Sephacel pool; 4, Affi-gel Heparin agarose pool. 
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Fig. 6.5 Gel electrophoresis of the products of HaeJH cleavage of <|)X174 
RFI DNA before and after modification with M EcoEKSlI. Lanes: 1, HaeUI 
digest; 2, DNA methylated with M.EcoHK3 II and then cleaved with HaellL 
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Fig. 6.6 Determination of molecular weight in native 
condition in Superosel2 column. The elution volume is represented in terms of 
Kav = (Ve - VO)/(Vt - Vq ) . V q IS the elution volume, V q the void volume 
(7.95ml) and Vt the bed volume (30ml). The elution position of the M.FcoHK3 II 
is marked as opened circle. 
101 
100 - | phosphorylase B 94kDa 
^ 90 
I 80 - \ 
Q. 70 - \ BSA 67kDa 
§ 60 - \ 
X \ 
% 50 - \ ovalbumin 43kDa 
乡 \ 
I 40 - V EcoHK3ll a 38kDa 
8 \ 
^ \ carbonic anhydrase 30kDa 
£coHK31ip21kDa 
20 . ^ trypsin inhibitor 20.1kDa 
^ a-lactalbvunin 
\ 14.4KDa 
10 -| 1 1 1 1 1 ~ I 
0 20 40 60 80 100 120 
Relative mobility ( R � 
Fig. 6.7 Determination of molecular weight in denatured 
condition. Proteins were separated by 12% SDS-PAGE. The two polypeptides of 
M.EcdHK3 II were marked as opened circle. 
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6.3.4 Catalytic Properties of^coHK31I Methyltransferase 
The initial rate of methylation was first order with respect to 
enzyme up to 2nM (data not shown). Furthermore, the enzyme obeyed Michaelis-
Menten kinetics with respect to both S-adenosylmethionine (AdoMet) and DNA 
(Fig. 6.8). The steady state kinetic experiments were performed in the presence of 
at least 5-fold excess of the invariant substrate. Therefore the data permit 
calculation of the catalytic constant for this enzyme. The Kcat determined from Fig. 
6.8 is 3.2 methyl transfers/min at 37�C，while that obtained from the experiment 
shown in the lower panel is similar, being 3.6 min"\ The corresponding Km values 
are 0.58|iM for AdoMet and 2.0nM for pWM2372 DNA. Similar results were 
obtained in other methylases (Friedman, 1985; Rao et al, 1989; Rubin and 
Modrich, 1977). 
By studying the kinetic and catalytic properties of the M.Hhal, Wu 
and Santi (1987) proposed that DNA molecules binds to the enzyme first (Km for 
poly(dG-dC) is 2.3nM)，followed by AdoMet (Km for AdoMet is 14.7nM). After 
methyl transfer, S-adenosylhomocysteine (AdoHcy) dissociates followed by 
methylated DNA. This phenomenon may be applicable to other cytosine-
methylase including M.£coHK3 II as they all possess similar conserved motifs. 
The structural organization of M.^C6>HK31I is deduced from its DNA sequence 
(Chapter 5) and its comparison to M.Hhal will be described in detail in Chapter 9. 
6.3.5 A Novel mSC-MTase M.ECO13LK31I 
The genes coding for the EcdHK3 II R-M system have been cloned. 
Sequence analysis of the gene coding for M.£'coHK3 II showed that the ten 
conserved motifs for m5C-MTases are located at two open reading frames which 
code for proteins of 34 and 20KDa, respectively (Chapter 4). Surprisingly, two 
proteins with apparent molecular weights of 38KDa and 23KDa were found 
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Fig. 6.8 Steady state kinetics of EcoEK^ll methyltransferase. Upper 
panel: determination of Km and Kcat for pWM2372 DNA. Reactions (0.1ml) 
contained O.IM Tris-HCl (pH7.5), 5mM EDTA, 400|ig/ml of BSA, 5mM P-
mercaptoethanol, 3\iM [^H]-AdoMet, 0.2nM EcdHK3 II methylase and indicated 
concentrations of pWM2372 DNA. Incubation was at 37�C for lOmin. Lower 
panel: determination of Km and Kcat for AdoMet. Reactions were as above except 
that they contained 20nM pWM2372 DNA, InM EcoHK31I methylase, and the 
indicated concentration of AdoMet. 
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consistently associated with each other during purification steps and fractions 
containing both proteins had strong in vitro methylase activity. We speculated that 
M.£'coHK31I contains two polypeptides for DNA methylation. Two polypeptides 
for methylation have been reported in a few m5C-MTases. For examples, MAqul 
contains two polypeptides which translates in different reading frames of the gene 
with overlapping of a few amino acids at the variable region. Conserved motifs I 
to Vin are found in polypeptide a , while motifs IX and X were found in 
polypeptide p for MAqul (Karrenman and de Waard, 1990). Similar phenomenon 
can be created artificially using M.BspKl and M.万仰RI hybrid methylases. Inactive 
N- and C-terminal fragments can complement each other to reconstitute active 
methylase (Posfai et al., 1991) In our case，it seems that the small polypeptide is 
encoded within the large one but in a different reading frame. Hence, we would 
like to confirm that really two polypeptides are needed for methylation. We would 
also like to characterize these two polypeptides in detail and to study their 
structure-function relationship. Therefore, in the next chapter，details will be given 
on the use of mutagenic PGR to express them separately and on the 
characterization of these two polypeptides. 
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CHAPTER SEVEN 
Over-Expression and Characterization of 
Restriction and Modification Enzymes 
7.1 Introduction 
Purification of restriction enzymes from bacteria is largely depended 
on the amount of enzyme existing in the bacterial cells. There are many examples 
where native strains do not produce sufficient level of desirable enzymes or 
purification of these enzymes is hampered by the contaminating nucleases (e.g. 
BspEl, Hgal and ^vrll). Nowadays, many of the commercially available 
restriction enzymes are products of recombinant DNA technology. Purification of 
enzymes from over-expression strains can cut reagent costs, improve quality and 
quantity of enzymes and shorten the purification time. Studies on restriction 
enzymes is facilitated when sufficient pure enzymes are available. With large 
amount of purified enzymes, X-ray crystal models of some restriction enzymes 
complexed with cognate DNA have been solved (Heitman, 1993). These may 
provide us invaluable data to understand protein-DNA interactions and to 
elucidate the residues involved in target recognition and mechanisms on DNA 
catalysis. 
In my study, the yield ofR.EcoHK3 II from Escherichia coli HK31 
was 430U/g wet cell which was comparable to ^.Eael (500U/g) from 
Enterohacter aerogenes (Whitehead and Brown, 1983). To increase the yield of 
R.EcoHK3 II, we cloned the ^coHK31IR gene into expression vector pTrc99A 
using mutagenic PGR. Protein expression was in E. coli ER2169 (DE3). The 
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ecoHKSlIM, which contained polypeptides a and p，were separately cloned in 
pET3a and expressed in E. coli BL21 (DE3) [plysE] and [plysS], respectively. 
Both polypeptides were purified to near homogeneity and their in vivo and in vitro 
methylase activities were studied. 
7.1.1 Expression Vector pTrc series 
Amann et al, (1988) have constructed a series of new plasmid 
expression vectors (the pTrc series) for the regulated expression of genes in E. coli 
(Fig. 7.1). Based on pKK233-2, pTrc vectors carry a strong hybrid trp/Iac 
promoter, the lacZ ribosome-binding site (RBS), the multiple cloning site of 
pUC18 and the rrnB transcription terminators. With the aid of synthetic 
oligodeoxynucleotides, the multiple cloning site has been inserted behind an Ncol 
site in three reading frames. Thus, the vectors are equally useful for the expression 
of proteins in their authentic, non-fused form (by using the Ncol site) and for the 
expression of fusion proteins (by choosing any of the cloning sites in the correct 
translational frame). To ensure complete repression of the hybrid trpUac promoter 
during construction and growth in any host strain, the ZacP allele of the lac 
repressor gene was added to some of the vectors (e.g. pTrc99A). 
7.1.2 Expression Vector pET series 
The pET (plasmid for Expression of 77 RNA polymerase) vectors 
were derived from pBR322 and contain the ColEl origin of replication (Fig. 7.2). 
These vectors employ a T7 phage promoter that is recognized by the phage T7 
RNA polymerase but not by the host E. coli RNA polymerase. Production of the 
cloned protein occurs after expression of T7 RNA polymerase, initiated either 
through phage infection (>.CE6) or induction of strain BL21 (DE3) containing a X 
lysogen carrying a T7 RNA polymerase gene. BL21 (DE3) lacks the Ion protease 
and the ompT outer membrane protease that can degrade some proteins during 
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Fig.7.2 Map of pET3a expression vector. 
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purification. Basal level suppression of gene is attained by a compatible plasmid 
plysS or plysE which produces lysozyme for T7 RNA polymerase inhibition. 
Vectors with suffixes a, b, c and d contain translation initiation signals (Shine-
Dalgamo sequence) for the strongly expressed T7 slO protein. These translation 
vectors contain either a Ndel (a, b，c) or Ncol site (d) overlapping the initiating 
methionine codon. Vectors a, b and c differ in the spacing to a downstream 
BamHl site, allowing fusions to be made to the amino terminus of the slO protein 
in all three reading frames. 
7.2 Materials and Methods 
7.2.1 General techniques 
Purification ofplysS, pET3a and pTrc99A was described in section 
2.2.8. Small scale DNA purification was done using Wizard minipreps DNA 
purification system (Promega). Enzyme digestions were according to suppliers' 
instructions. DNA recovery from agarose gel was described in section 2.2.6. 
Ligation and screening of recombinant DNA were described in section 4.2.6 and 
2.2.11, respectively. E. coli BL2\ (DE3), BL21(DE3) [plysS] or [plysE]，ER2169 
(DE3) and ER2169 (DE3) [plysSMl.3] competent cells were prepared as 
described in section 2.2.9. The mutagenic primers used for PGR are listed below 
(mutated nts are underlined): 
Primer 13 : 5'-ATGAGCCATGGCAGTGAGTATCGC-3' 
Primer 14 : 5 '-ATTCAGGATCITGATAAATGAGTT-3 ‘ 
Primer 15 : 5 ‘ - AAGCCC AT ATG AAAAAG AAACC A-3 ‘ 
Primer 16 : 5'-TTTTGCGTATGTATAAAA-3 ‘ 
Primer 17 : 5 '-TTTTATACATACGCAAAACTGATAGAAGAA-3， 
Primer 18 : 5'-CATCGGATCCACCACGTC-3 ‘ 
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7.2.2 Polymerase Chain Reaction 
PGR amplification (50^1) contained 2\iU of each primer, 200^M of 
each dNTP, lOOmM KCl, 20mM Tris-HCl; pH8.8，lOmM (NHOaSCU，2mM 
MgS04, 0.1% Triton X-100, 50ng of template DNA and 1 unit of Vent DNA 
polymerase (New England Biolabs). Reaction mixture was overlaid with mineral 
oil and reactions were carried out using a Thermolyne Thermal Cycler. Initial 
template denaturation was programmed for 5min at 94�C. The cycle profile was 
programmed as follow: 2min at 50�C (annealing), 3min at 72�C (extension) and 
Imin at 94�C (denaturation). Thirty-four cycles of the profile was run and the final 
extension step was increased to lOmin. 
7.2.3 Construction of plysSMl.3 
In order to clone ^coHK31IR into K802 or ER2169 (DE3), its 
corresponding MTase was needed to protect the hosts. The 1.3kb Dral-Smal 
fragment containing a complete ^coHK31IM gene was prepared from 
p£coHK31G which contained a 1.4kb Nrul-BglU fragment in pUC19. 50ng of the 
insert was ligated to 20ng ofNnil cleaved plysS plasmid DNA in a lO^il ligation 
mixture (section 4.2.6) at 16�C for 16 hours. The resulting plasmid plysSMl.3 
(Fig. 7.3) was transformed to K802 or ER2169 (DE3). Protein expression was 
described in section 7.2.7. 
7.2.4 Construction of pTrc99A-R36 
Plasmid vector pTrc99A was linearized by Ncol and KpnL Part of 
the ecdHK3lJR gene was constructed by PGR (section 7.2.2) with some 
modifications. The N-terminal fragment was generated using mutagenic primers 
13 and 14. The annealing temperature was changed to 55�C for 30sec and the 
extension temperature was 72�C for 50sec. The 320bp PGR product was purified 
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and digested with Ncol and BstYl and 50ng of it was ligated to a 720bp Barnm-
Kpnl fragment (50ng) generated from pKFl (see Fig. 5. IB) in the presence of the 
Ncol-Kpnl linearized pTrc99A vector (20ng) (Fig. 7.4). The 20|il ligation mixture 
was incubated at 16�C for 16 hours. The ligation product was transformed into E. 
coli K802 [plysSMl.3] or ER2169 (DE3) [plysSMl.3] competent cells and 
selected with appropriate antibiotics. Protein expression was described in section 
7.2.7. 
7.2.5 Construction of pET3a-M38 
The gene coding for M.EcoHK3 II polypeptide a was cloned into 
pET3a using overlapping PGR (Higuchi et aL, 1988). Four primers were 
synthesized to generate the N- and C-terminal fragments of polypeptide a by PGR. 
Primers 15 and 16, 17 and 18 were used to synthesize a 0.3kb and 0.8kb 
fragments, respectively. These PCR products were used as templates for 
construction of polypeptide a gene by overlapping PCR (Fig. 7.5). Mutations 
were introduced in primers 16 and 17 to remove the unique Ndel site in the 
methylase gene. Two stop codons were added in primer 17 to prevent the 
expression of polypeptide P. These changes did not alter the aa encoded by 
polypeptide a . The' l.lkb-fragment was gel purified, digested with Ndel and 
BarnHL and ligated to Ndel and BamHl cleaved pET3a vector. The ligation 
product was transformed into BL21 (DE3) [plysE]. Protein expression was 
described in section 7.2.7. 
7.2.6 Construction of pET3a-C23 
The gene coding for M.EcoHK31I polypeptide P was prepared by 
digestion ofp^coHK3 IE with Ndel and BgKl. A 0.8kb fragment was isolated and 
ligated with a Ndel and BamHl cleaved pET3a vector. In a 10^1 ligation mixture, 
50ng of the insert DNA was mixed with 20ng of the linearized pET3 a vector. The 
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ligation product was transformed into BL21 (DE3) [plysS]. Protein expression 
was described in section 7.2.7. 
7.2.7 Expression of Recombinant Proteins in E, coli hosts 
The method used to express recombinant proteins from E. coli 
ER2169 (DE3) [plysSMl.3, pTrc99A-R36], BL21 (DE3) [plysS，pET3a-C23] or 
BL21 (DE3) [plysE, pET3a-M38] was modified from Studier et al. (1990) and 
Amann et al (1988). 20ml overnight culture was inoculated into 2L M9ZB 
medium (0.5% NaCl, 1% tryptone, 18mM NH4CI, 22mM KH2PO4, 36niM 
Na2HP04, 22mM glucose and lOmM MgS04) containing appropriate antibiotics. 
The culture was shaken at 37�C until the O.D.eoonm reached 0.6-1. Then IPTG was 
added to a final concentration of 0.4 to ImM. The culture was induced for 3 
hours at 37�C. The bacterial cells were collected by centrifugation at 3,000xg 
(5，000rpm，JA14 rotor) and stored at -20°C for future uses. 
7.2.8 Purification of recombinant RJTa?HK31I 
Purification of recombinant R.Ec(9HK31I from induced culture was 
based on the method described previously (section 3.2.2). 
7.2.9 Determination of Molecular Weight of recombinant 
The molecular weight of native R.EcoHK3 II was determined by 
size exclusion chromatography using FPLC-Superose 12 column. Several protein 
standards were used : ribonuclease A, chymotrypsinogen A, ovalbumin and bovine 
serum albumin. The denatured molecular weight ofR.£coHK31I was determined 
by 12% SDS-PAGE (Section 2.2.12). 
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7.2.10 Polyclonal Antibodies against R.EcoBK31I 
Restriction enzyme was purified from a 37�C induced culture ofE. 
coli ER2169 (DE3) harboring plasmid DNAs pTrc99A-R36 and plysSMlJ. 
Preparation and injection of antigenic sample was according to Harlow (1988). 
About lOOng of purified R.£coHK31I in 100|LI1 buffer B was 
mixed with lOOjil Freund's complete adjuvant and injected into 6 week old female 
BALB/c mice subcutaneously. Four mice were used to get the best immunological 
response. After 14 days，another dose of antigenic solution in Freund's incomplete 
adjuvant was injected. Serum samples from the tail of mice were collected and 
assayed for the production of antibodies. Another dose of antigenic solution in 
Freund's incomplete adjuvant was injected 14 days afterwards and the serum 
samples were assayed. Finally, the mice were injected with a booster and killed 3 
days afterwards. The sera were collected for further analysis. 
Immunological analysis of £coHK31I ENase and MTase were 
studied. Native and purified £coHK31I ENase and MTase were spotted onto 
PVDF membrane directly and act as controls. In denaturing condition, crude 
extracts oiE, coli cells harboring cloned ENase or MTase were separated by SDS-
PAGE and proteins were transferred by electroblotting on a PVDF membrane 
(section 2.2.14). The blot was analyzed by the AP Systems from Promega 
following the procedures provided. 
7.2.11 Western Blotting 
After electroblotting, the PVDF membrane was soaked in 10ml 
TEST (lOmM Tris-HCl; pH8.0，ISOmMNaCl and 0.05% Tween 20) for 1 minute 
and then in 10ml blocking solution (1% (w/v) BSA in TEST) for 30 minutes at 
room temperature. The membrane was washed 3 times with 10ml TEST for 5 
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minutes and then 10ml r-antibodies (1:1000 dilution in TEST) for 30 minutes. 
The membrane was washed 3 times with 10ml TBST for 5 minutes and then 10ml 
2°-antibodies (1:7,500 dilution of anti-mouse antibodies conjugated with alkaline 
phosphatase) for 30 minutes. The membrane was again washed 3 times with 10ml 
t e s t , blotted dry briefly and then put into 10ml AP color development solution 
(lOOmM Tris-HCl; pH9.5, lOOmM NaCl, 5mM MgCU, 66^1 NET and 33 jil BCIP) 
until blue color developed. 
7.2.12 Purification of Recombinant M.EcolSKi\l polypeptide a 
Six grams of E coli BL21 (DE3) [plysE, pET3a-M38] cell paste 
was resuspended with 24ml of buffer D (150mM NaCl, 20mM NaPi; pH7.0， 
0.1 mM EDTA, 5mM p-mercaptoethanol and 5% glycerol) and PMSF was added 
to ImM final concentration. All purification steps were carried out at 4°C, unless 
otherwise stated. The cells were disrupted by sonication for five periods of 1 
minutes each, with 3 minutes between each burst. The cell debris were removed 
by centrifligation at 12，000xg (lOkrpm, JA20 rotor) for 2x 30 minutes. The 
supernatant was collected and passed through a 0.2^M filter (Nalgene) to remove 
fine particles. The filtrate (23ml) was loaded onto a Econo-Fast Flow S cation-
exchange column (Bio-Rad，2.5xl0cm) which was pre-equilibrated with buffer D 
at a flow rate of 2ml/inin. The column was washed with buffer D until the 
O.D.280nm of the flow thfough reached almost zero. Proteins were eluted at 
4ml/fraction with a 160ml linear gradient of 0.15-1.0M NaCl in buffer D. Active 
fractions (23 ml) were pooled, diluted with 2 volumes of buffer D and applied to an 
Affi-gel Heparin agarose column (Bio-Rad, 1.8x10cm) at a flow rate of 0.3ml/min. 
The column was washed with 50ml of buffer D and the proteins were eluted at 
3ml/fraction with a 300ml linear gradient of 0.15-1.0M NaCl in buffer D. Active 
fractions (15ml) were pooled, diluted with 2 volumes of buffer D and applied to 
FPLC-MonoS HR5/5 column (Pharmacia) at a flow rate of Iml/min. After 
washing with 10ml of buffer D, the proteins were eluted at 1 ml/fraction with 20ml 
117 
linear gradient of 0.15-1.0M NaCl in buffer D. Active fractions were pooled and 
concentrated by centricon-10 (Amicon) and dialyzed against storage buffer 
(section 3.2.2). The purified enzyme was stored at -20°C. 
7.2.13 Purification of Recombinant M.£a?HK31I polypeptide p 
Three grams ofE. coli BL21 (DE3) [plysS, pET3a-C23] cell paste 
was resuspended with 20ml of buffer B (20mM Tris-HCl; pH7.5, O.lmM EDTA, 
SmM p-mercaptoethanol and 5% glycerol) and PMSF was added to ImM final 
concentration. The cells were disrupted by sonication for five periods of 1 minutes 
each, with 3 minutes between each burst. The cell debris was removed by 
centrifligation at 12，000xg (lOkrpm, JA20) for 30 minutes. The supernatant was 
discarded and the cell pellet was resuspended with 20ml buffer B supplemented 
with 2% Triton X-100. The solution was were sonicated as above and the 
inclusion bodies were collected by centrifligation at 12,000xg for 30 minutes. The 
inclusion bodies were saved, dissolved in 6M guanidine-hydrochloride (Gu-HCl) 
and applied to a FPLC-Superosel2 column (Pharmacia) which was pre-
equilibrated with 6M Gu-HCl in buffer B at a flow rate of 0.4ml/min. Proteins 
were eluted at 0.4ml/fraction with 6M Gu-HCl in buffer B and collected in 
fractions. Fractions containing U.EcoHK3ll polypeptide p were pooled and 
dialyzed exhaustively with buffer B. Precipitated particles were removed by 
centrifligation at 12，000xg for 30 minutes and the supernatant was dialyzed against 
storage buffer (section 3.2.2) and stored at -20°C. 
7.2.14 In vitro Complementation Methylation Activity 
In vitro methylation activity involves the addition of l\i\ of cell 
extract expressing M.EcoHK3ll polypeptide a or p or both，into 10^1 methylase 
reaction buffer (section 6.2.3.1) and incubated for 1 hour at 37°C. DNA samples 
after phenol/chloroform extraction were digested with 5U of R.£coHK31I in 
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reaction buffer (section 6.2.3.1) for 1 hour at 37�C and analyzed by gel 
electrophoresis. In order to confirm these polypeptides were indeed needed for 
methylation, the purified polypeptide a or P or both were also used to protect non-
methylated lambda DNA in vitro. 
7.2.15 Incorporation of [^H]-AdoMet to non-methylated Lambda 
DNA 
Crude extracts of expressing hosts harboring recombinant plasmid 
DNAs were diluted and mixed with l|ig of non-methylated lambda DNA by 
substituting SO i^M AdoMet with \\xU [^H]-AdoMet in 50^1 methylase reaction 
buffer (section 6.2.3.1) and incubated at 37�C for 1 hour. DNA samples after 
extracted with phenol/chloroform and precipitated with 10% TCA, was spotted 
onto a glass fiber filter (Whatman). The filters were washed with 10% TCA and 
ethanol and dried for radioactivity counting (section 6.2.3.4). 
7.3 Results and Discussion 
7.3.1 Expression of Recombinant { ？ H K 3 1 I 
Over-expression of restriction endonucleases is usually detrimental 
to the bacterial host without prior modification by the corresponding 
methyltransferase. We have cloned the methylase gene into a compatible plasmid 
plysS and transformed it into E. coli ER2\69 (DE3)，K802, BL21 (DE3) and 
JM109 (DE3). However, transformants were only found in ER2169 (DE3) and 
K802 hosts, probably the basal expression of M.五caHK31I polypeptide a was 
detrimental to the other two hosts which are McrBC+. The ecoHK3 IR gene was 
inserted into two expression vectors pTrc99A and pET8c. Upon transformation, 
the expression of R.£coHK31I in Kcoli ER2169 (DE3) [plysSMl.3, pTrc99A-
R36] was the highest (data not shown). Crude extract of un-induced cells 
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contained about 2.2x10' units ofR.£coHK31I per gram wet cell paste. Following 
induction with ImM IPTG, the R.£coHK31I activity increased 10-fold and was 
easily visualized by Coomassie brilliant blue staining of denaturing polyacrylamide 
gel (Fig. 7.6). 
7.3.2 Purification and Characterization of Recombinant 
7.3.2.1 Purification of Recombinant R.EcoBK31l 
After two chromatographic steps (Table 7.1)，R.EcoHK31I was 
purified to about 95% homogeneity (Fig. 7.7). About 1.2xlO^U/g of enzyme was 
purified from the recombinant clone. The yield was 27-fold higher than that 
obtained fromE. coli HK31 (section 3.3.3). 
Purification Total units Total protein* Specific activity Yield Purification 
steps ( U x l 0 ' ) (mg) (U/mg) (%) factor 
Crude lysate'" N.D. 189 N.D. N.D. -
DEAE-Sephacel 126 41 3,073 100 1 
Affi-gel Heparin 66 1.87 35,294 52 11.5 
* Protein concentration was determined by Bradford assay. 
** Because the presence of non-specific nucleases, exact determination of units of 
activity, in crude lysate, was not possible. N.D.: not determined. 
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Fig. 7.6 Over-expression of R.£coHK31I in ER2169 (DE3) [plysSMl.3, 
pTrc99A-R36]. Cells carrying overproducing plasmids were grown as described 
in section 7.2.7. Total proteins were extracted from cells at different time periods 
after induction. Lanes: 1，Low molecular weight marker (Pharmacia); 2，purified 
R.EcoHK3U; 3, 0 hour; 4，1 hour; 5，2 hour; and 6, 3 hour. 
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Fig. 7.7 Purification profile of recombinant R.EcoBK3ll from ER2169 
(DE3) [plysSMl.3, pTrc99A-R36]. Lanes: 1 and 5，low molecular weight 
marker (Pharmacia); 2, total bacterial lysate; 3，DEAE-Sephacel pool; and 4’ Affi-
gel Heparin agarose pool. 
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7.3.2.2 Characterization of Recombinant R,EcoRK311 
7.3.2.2.1 Molecular Weight and Isoelectric point of the Recombinant 
The molecular weight of recombinant R.£coHK31I, under 
denatured condition, was determined to be 37，000Da by 12% SDS-PAGE (Fig. 
7.8). This is in good agreement of the deduced molecular weight ofR.^coHK31I 
(MW = 36,123) from the cloned gene (section 5.3.1) which encods for a protein of 
319 amino acid residues. 
The Kav value ofR.EcoHK31I is 0.226. The calibration curve of 
FPLC-Superosel2 indicates a solution molecular weight of 65,000±3,000Da (Fig. 
7.9). In the presence o f6M urea, the isoelectric point ofR.£coHK31I was about 
7.5 (data not shown). 
Marker Molecular weight Kav 
Blue Dextran 2,000,000 0.000 
BSA 67,000 0.223 
Ovalbumin 43,000 0.257 
Chrymotrypsinogen A 25,000 0.329 
Ribonuclease A 13,700 0.356 
Like most type II ENase, R.£coHK31I exits as a dimer in solution. 
The dimer form of type II ENase can be explained by their mode of action on 
double-stranded DNA which contains palindromic and un-methylated sequences. 
The X-ray crystal structures o f & o R I endonuclease-DNA substrate complex (Kim 
et al., 1990) and EcoKV endonuclease-DNA substrate complex (Winkler et al., 
122 
1 0 0 - j phosphorylaseB94kDa 
9 0 -
^ 8 0 - \ 
M 7 0 - \ BSA67kDa 
A \ 
i 6 0 - \ 
5 0 - \ ovalbumin 43kDa 
t \ 
& 4 0 - \ K£coHK31I37kDa 
I \ 
(D carbonic anhydrase 3 OkDa 
I 3 0 - \ 
2 0 -
trypsin inhibitor 20.1kDa 
10 -j 1 1 1 1 1 
0 20 40 60 80 100 
Relative mobility (Rf) 
Fig. 7.8 Determination of ILEcoHKSlI molecular weight in denatured 
condition. Proteins were separated by 12% SDS-polyacrylamide gel 
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Fig. 7.9 Determination of R.EcoHK31I molecular weight in native 
condition. The elution volume is represented in terms ofKav = (Ve-Vo)/(Vt-Vo). 
Ve is the elution volume, VQ the void volume (7.95ml) and Vt the bed volume 
(30ml). The elution position of the R.EcdHK2 II is marked as an opened circle. 
124 
1993) have revealed how the enzyme homodimers fit into the DNA molecule and 
causes deformation of the DNA structure. 
The current model for the complex ofEcoBl with its DNA shows a 
dimeric protein with the DNA embedded into one site of the protein, spanning the 
dimer interface (Fig. 1.4). This complex has a single dyad axis relating the two 
subunits and the two halves of the palindromic DNA. Critical contacts to the 
DNA are made by a bundle of four a helices, two from each subunit, aligned 
almost perpendicularly to the DNA with the amino terminus of each helix poking 
into the major groove (Kim et al, 1990; Rosenberg, 1991). In opposite way 
round from EcoBJ, Winkler et al. (1993) reported EcoRY consists of two L-
shaped subunits that interact with each other oyer a small surface area，to create a 
U-shaped dimer with a deep cleft between the subunits. The DNA is located in the 
cleft, with its minor groove facing the base of the cleft. 
7.3.2.2.2 Antibodies to Recombinant RjE:a?HK31I 
All the mice produced detectable amount of antibodies upon 
immunization with R.J^coHK31L We had checked whether the antiserum raised 
by R.£coHK31I elicit cross-reactivity with its corresponding MTase. The crude 
extract of Kcoli ER2169 (DE3) [plysSMl.3, pTrc99A-R36] was used. The result 
showed that the antiserum specifically reacted with the band corresponding to 
R.EcoHK31I, but not M.EcoHK3ll on 12% SDS-PAGE (Fig. 7.10). As 
expected, although both ENase and MTase recognize the same DNA, their 
mechanism on DNA recognition may be totally different as reflected by their lack 
of amino acids similarity and their reactivities towards antibodies. Antibodies 
raised against EcoRL endonuclease can cross-react with its isoschizomer pair Rsrl 
endonuclease (Greene et al., 1988) which shared 50% amino acids identity. 
Therefore, we may use the antibodies produced to screen for the presence of 
R.EcoHK3 II isoschizomers in other bacterial strains. 
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Fig 7 10 Immunoblotting of EcoEKZll ENase and MTase proteins. 
Antibodies against R.£coHK31I was used to react ENase and MTase proteins 
expressed mE, coli K802 [pEcoHK31E] host and detection was earned out using 
AP system from Promega. Lanes: 1，total bacterial lysate; 2, bacterial cell pellet; 
and 3-8 serial dilution of bacterial lysate supernatant. Upper blot: R coli K802 
[pEcoHKSlE] crude extracts were separated by 12% SDS-PAGE. Proteins were 
transferred to PVDF membrane and stained with Amido black solution (0.1% 
Amido black, 45% methanol and 7% acetic acid). Lower blot: immunoblotting of 
protein using R.EcoHK3 II antibodies. Proteins on PVDF membrane reacted with 
a 1,000-fold diluted R.£coHK31I antiserum as described in section 7.2.11. The 
band corresponding to R.EcoHK3 II were stained dark blue. 
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7.3.3 Expression and Purification of M.EcoEKZll polypeptide a 
Kcoli BL21 (DE3) [plysE, pET3a-M38] expresses M.EcoBK3\l 
polypeptide a which accounts for about a few percent total cellular protein upon 
0.4mM IPTG induction (Fig. 7.11). M.EcoHK3\l polypeptide a bound to a 
Econo-FFS Sepharose column at pH7.5 and eluted from 0.35-0.45M NaCl. 
Active fractions of M.EcoHK31I polypeptide a were diluted with 2 volumes of 
buffer D (section 7.2.12) and loaded onto Affi-gel Heparin agarose column. 
M.£coHK31I polypeptide a eluted from 0.28-0.34M NaCl was diluted with 2 
volumes of buffer D and loaded onto FPLC-MonoS column. Enzyme was eluted 
at 0.52niM NaCl. Protein fractions were analyzed with 12% SDS-PAGE and 
M.EcoBK3 II polypeptide a was purified to >95% homogeneity (Fig. 7.12). The 
yield of the M.£coHK31I polypeptide a after three chromatographic steps was 
about 0.6mg protein per gram of wet cell (Table 7.2). 
Purification Volume Protein conc.' Total protein Yield 
steps (ml) (mg/ml) (mg) (%) 
Crude lysate 23 34.5 793.5 100 
Econo-FFS 22.8 16.5 376.2 47 
Affi-gel Heparin 14.8 1.17 17.3 2.2 
FPLC-MonoS 6.0 0.6 3.6 0.5 
* Protein concentration was determined by Bradford assay 
Table 7.2 Purification of recombinant M.£'cdHK31I polypeptide a from 
6g bacterial cells. 
7.3.4 Expression and Purification of M.£'c£?HK31I polypeptide P 
Exoli BL21 (DE3) [plysS，pET3a-C23] expresses M.EcoHK3ll 
polypeptide P which accounts for about 20% total cellular protein upon 0.4mM 
IPTG induction (Fig. 7.13). However, most of the expressed proteins were in the 
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Fig. 7.11 Over-expression of M.EcoHK31I polypeptide a in BL21 (DE3) 
[plysE, pET3a-M38]. Cells carrying overproducing plasmid DNA were grown as 
described in section 7.2.7. Total proteins were extracted from cells at different 
time periods after induction. Lanes: 1，Low molecular weight marker; 2，BL21 
(DE3) [plysE]; 3-8，0,0.5, 1，2，3，and 6 hours, respectively. 
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Fig. 7.12 Purification profile of M.五C0HK31I polypeptide a from BL21 
(DE3) [plysE, pET3a-M38]. Lanes: 1 and 6, low molecular weight marker; 2, 
supernatant of bacterial lysate; 3，Econo-FFS Sepharose pool; and 4，Affi-gel 
Heparin agarose pool; and 5，FPLC-MonoS pool. 
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inclusion bodies which can be separated by centrifligation after cell disruption. 
Most of the contaminating proteins were removed by washing the inclusion bodies 
with 2% Triton X-100 in buffer B. M.EcoUK3\l polypeptide P was dissolved in 
6M Gu-HCl and was further purified by FPLC-Superose column. Protein fractions 
were analyzed with 12% SDS-PAGE and M.£coHK31I polypeptide p was 
purified to >95% homogeneity (Fig. 7.14). The yield of the M.EcoHK31I 
polypeptide P was about 7mg per gram of wet cell (Table 7.3). 
Purification Volume Protein conc: Total protein Yield 
steps (ml) (mg/ml) (mg) (%) 
Crude lysate 20 5 100 100 
Washed pellet 20 2 40 40 
(in 6M Gu-HCl) 
FPLC-Superosel2 20 1 20 20 
* Protein concentration was determined by Bradford assay 
Table 7.3 Purification of recombinant M.^ c^？HK31I polypeptide p from 
3g bacterial cells. 
7.3.5 Characterization of M.£ct?HK31I polypeptides a and P 
7.3.5.1 Molecular Weight Determination 
The denatured molecular weights of the purified recombinant 
proteins were determined by 12% SDS-PAGE (Fig. 7.15). The sizes of 
M.EcoHK31I polypeptides a and p are 38 and 23KDa, respectively, and matches 
very well with the wild-type M.£coHK31I (Fig. 6.5). They are also similar to the 
predicted molecular weight of 34 and 20KDa, respectively. 
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Fig. 7.13 Over-expression of M•五a?HK31I polypeptide P in BL21 (DE3) 
[plysS, pET3a-C23]. Cells carrying overproducing plasmid DNA were grown as 
described in section 7.2.7. Total proteins were extracted from cells at different 
time periods after induction. Lanes: 1，BL21 (DE3) [plysS]; 2-7，0,0.5，1，2, 3， 
and 6 hours, respectively; 8，low molecular weight marker (Pharmacia). 
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Fig. 7.14 Purification profile of M.EcoBK31I polypeptide P from BL21 
(DE3) [plysS，pET3a-C23]. Lanes: 1 and 6，low molecular weight marker 
(Pharmacia); 2, total bacterial lysate; 3，total bacterial cell pellet; 4，washed pellet; 
and 5, FPLC-Superosel2 pool. 
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Fig. 7.15 Determination of M•五C0HK31I polypeptides a and p molecular 
weight in denatured condition. Upper panel: proteins were separated by 12% 
SDS-polyacrylamide gel electrophoresis. Lanes: 1, low molecular weight marker; 
2, M.EcoHK3 II polypeptide p; 3，polypeptide a, and 4，Q193G mutein (Chapter 
8). Lower panel: the polypeptides are marked with opened circles. 
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7.3.5.2 Isoelectric Point Determination 
The isoelectric points of M.£'coHK31I polypeptide a，its Q193G 
mutein (Chapter 8) and polypeptide p were determined as described in section 
2.2.15. Polypeptide a has a pi value of about 8.7 (Fig. 7.16), while polypeptide P 
has a pi value of 6.8 (Fig. 7.17). 
7.3.5.3 In vivo and in vitro Methylation Activity 
In vivo methylation activity was determined by isolating the 
expression plasmid DNA: pET3a-M38, and pET3a-C23, and digested with 
R.EcoHK311. As expected, pET3a-C23 was sensitive to R.£coHK3 II both in un-
induced and induced condition. However, expression of polypeptide a alone by 
pET3a-M38 was sufficient to protect the plasmid DNA against R.£coHK3 II 
digestion (data not shown). This apparent discrepancy may be due to a high 
concentration of polypeptide a in the vicinity of the DNA inside the cell. 
In vitro methylation experiment showed that neither M.jE"a?HK31I 
polypeptide a or P alone can protect non-methylated lambda DNA from 
R.£a?HK31I digestion. However, we found that the DNA was completely 
modified when polypeptides a and P co-exist in methylation reaction (Fig. 7.18). 
In vitro radiolabelled incorporation experiment also supported the findings. There 
were only 2.2-fold increase of methyl group transfer to non-methylated lambda 
DNA when polypeptide a was used alone as compared to 25.5-fold increase when 






(encodes polypeptide a) 
pET3a-C23 987 




Table 7.4 Incorporation of [^H]-AdoMet to non-methylated lambda 
DNA. Details were described in section 7.2.15. 
To confirm polypeptides a and (3 are needed to carry out in vitro 
methylation, we used the purified proteins to protect non-methylated lambda 
DNA. As expected, in vitro DNA protection against R.^coHK31I digestion 
required two polypeptides co-exit in solution (Fig. 7.19). MAqul also needs two 
polypeptides: a and P for in vivo and in vitro methylation (Karreman and de 
Waard, 1990). However, the genetic organization of MAqul is different from 
M.EcdHK2 II. In the former case, conserved motifs I to VIII are found in 
polypeptide a while conserved motifs IX to X are in polypeptide P. For 
M.£"coHK3 II, it seems that motif IX is detached for an otherwise normal 
methylase. Our discovery, therefore, provides a more bizarre example on the 
flexibility of 5-methylcytosine methyltransferases. 
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Fig. 7.16 Determination of the isoelectric points of M•五C6?HK31I 
polypeptide a and Q193G mutein. Lanes: 1 and 4，pi markers (Bio-Rad); 2, 
polypeptide a ; and 3，Q193G mutein (Chapter 8). 
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Fig. 7.17 Determination of the isoelectric point of M•五caHK31I 
polypeptide P. Lanes: 1 pi markers (Bio-Rad); and 2, polypeptide P. 
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Fig. 7.18 In vitro methylase activity of the crude extracts to protect non-
methylated lambda DNA. Details were described in section 7.2.14. Lanes: 1-3, 
DNA treated with 1，0.5 and 0.25^1 polypeptides P, respectively; 4-6, DNA 
treated with 1，0.5 and 0.25fil polypeptides a, respectively; 7-9, DNA treated with 
1，0.5 and 0.25|il of both polypeptides, respectively; and 10，untreated DNA. 
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Fig. 7.19 In vitro methylase activity of the purified polypeptides a and P 
to protect non-methylated lambda DNA. Details were described in section 
7.2.14. Lanes: 1-3, DNA treated with 1, 0.5 and 0.25pg polypeptides (3, 
respectively; 4-6，DNA treated with 1, 0.5 and 0.25|ag polypeptides a , 
respectively; 7-9，DNA treated with 1，0.5 and 0.25^g of both polypeptides, 
respectively; and 10，DNA treated with M.£coHK311. 
137 
CHAPTER EIGHT 
Generation and Activity Assay of 
Q193G Mutein of 
M.EcoIlK31I Polypeptide a 
8.1 Introduction 
Understanding protein function requires detailed structural analysis 
of atomic resolution data which can be determined by X-ray crystallography and 
NMR spectroscopy. However, these methods are often slow and dependent on 
numerous factors for their success. For example, a crystallographic determination 
depends on the ability to grow well-ordered crystals, whereas NMR spectroscopy 
is only applicable to smaller proteins of up to 200 residues which can be dissolved 
at high concentration. In the absence of such definitive information a structure 
may often be predicted by detecting similarities between the new sequence and 
previously solved structures. Predictions that use related proteins of known 
structures are usually referred to as structure modeling. Knowledge-based model 
building has a large range of applications. An example is to predict the effects of a 
point mutation on an experimentally derived structure and is often used to guide 
site-directed mutagenesis experiments. 
Sequence comparison between M.EcoHK3 II polypeptide a and 
M.Hhal showed a discernible similarity on amino acid sequences (Fig. 8.1). 
Except the conserved motifs commonly found in m5C-MTases, a highly 
homologous sequence was found in the variable regions between these two 
proteins. The sequence DKQGQGER (residues 191-198) in M.EcoHK31I 
polypeptide a showed significant homology to the Gly-rich region GKGGQGER 
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(residues 233-240) in MBhal. X-ray crystal structure ofMHhaLDNA complex 
(TGATAG^^CGCTATC) showed that this Gly-rich region made close contact to 
the target sequence (underlined) at the major groove of the DNA. Moreover, the 
Gln-237 residue infiltrates the DNA helix and provides hydrogen bonds to the 
orphan guanine residue (on the complementary strand). The Gly residues (235， 
236 and 238) are postulated to facilitate the insertion of Gln-237 into the DNA 
helix (Klimasauskas et al., 1994). In M.EcoHK31I polypeptide a， Gin-195 
occupies the relative position of Gln-237. Using M.Hhal holoenzyme and M.Hhal 
bound to its substrate DNA as templates, partial 3-dimensional structures of 
M.EcdHK3 II polypeptide a were modeled by Dr PC Shaw (Figs. 8.2 and 8.3). 
M.EcoHK3ll polypeptide a on DNA sequence 5'-TGATGGCCATATC-3' 
revealed side chain of Gin-193 was positioned at about 5A from 06- of the first 
guanine base at the recognition site (TGGCCA) (Fig. 8.3). As there is no 
interaction between Gly-235 residue in M.Hhal and its DNA substrate, it would be 
interesting to find if Gin-193 actually interacts with this guanine base and 
responsible for the sequence specificity of the first G in the recognition site of the 
enzyme. Mutation of Gin-193 to Gly-193 may destroy the protein-DNA 
interaction and sequence specificity. A mutant Q193G was constructed using 
overlapping mutagenic PGR (Higuchi et al., 1988) and its activity was assayed. 
8.2 Materials and Methods 
8.2.1 Construction of pET3a-M38 (Q193G) 
Similar to pET3a-M38 (Chapter 7)，pET3a-M38 (Q193G) was 
constructed by overlapping PGR using primers 15，18，19 and 20 (Fig. 8.4). 
Mutations were introduced at primers 19 and 20 to alter the Gin to Gly at position 
193 (mutated nucleotides are underlined). The recombinant plasmid DNA was 
introduced into BL21 (DE3) [plysE；. 
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Primer 15 ： 5 '-AAGCCCATATGAAAAAGAAACCA-3 ‘ 
Primer 18 5 '-CATCGGATrcACCACGTC-3 ‘ 
Primer 19 5 '-GCCCCCTTTATCAACGATTCT-3， 
Primer 20 5'-TCGTTGATAAAGGGGCCCAAG-3 ’ 
8.2.2 Expression and Purification of Q193G protein 
Expression of proteins were according to Studier et al. (1990) and 
was described in section 7.2.7. Purification of Q193G was identical to 
M.EcoHK3ll polypeptide a and was described in section 7.2.12. 
8.2.3 In vivo and In vitro methylation activity of Q193G Mutein 
In vivo methylation activity of Q193G mutein was determined by 
isolating the recombinant plasmid pET3a-M38 (Q193G) from expressing E. coli 
host both in un-induced and induced conditions and then challenged with 5U 
R.EcoBK3 II in MSB (Appendix A) for 2 hour at 37°C. The DNA fragments were 
resolved by 1% agarose gel electrophoresis. 
In vitro methylation activity of Q193G mutein was compared with 
the wild type EcoHKS II methylase and M.EcoHK3 II polypeptide a using 
standard methylation reaction (section 6.2.3.1) supplemented with polypeptide P， 
if required. The purified proteins were serial-diluted to modify non-methylated 
lambda DNA in a lO i^l reaction mixture and incubated at 3TC for 1 hour. DNA 
samples after phenol/chloroform extraction and ethanol precipitation were digested 
with 5U of R.EcoHK3n in MSB (Appendix A) for 2 hour at 37°C. The DNA 
fragments were resolved by 1% agarose gel electrophoresis. 
The recognition specificity of the Q193 G mutein was studied by 
challenging the Q193G and polypeptide P modified plasmid DNA (e.g. (t)X174 and 
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Fig. 8.1 Sequence alignment between MJIhal and M.^c<?HK31I 
polypeptide a. Both sequences were manually aligned to obtain maximum 
homology. Similar or identical amino acids are marked with ‘ : ， a n d ‘;’， 
respectively. Hhal: MJIhal. Ecoa: M.£coHK31I polypeptide a . The ten 






Fig. 8,2 Stereo views showing MJlhal and M•五a?HK31I polypeptide a 
holoenzymes. (A) MN/ial (B) M.EcoHK31I polypeptide a. The catalytic loop 
at residues 80-88 containing 2 more residues was modeled by energy minimization. 
Region with aa 171-187 was too short to be modeled satisfactorily and this region 
was arranged to run across the large and the small domain directly. Residues 231-
271 have no homology with motif IX in MHhcd, was not included in the model, 




Fig. 8.3 Stereo views showing MJIhal and polypeptide a 
interacting with substrate DNA. (A) the Gly-235 residue in the Gly-rich loop of 
MUhal does not make any interaction with substrate DNA. (B) the side chain of 
Gln-193 residue in the Gly-rich loop ofM.EcoHK31I polypeptide a points toward 
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Fig. 8.4 Construction of pET3a-M38 (Q193G). Primers 15 and 20 were 
used to generate a 0.6kb N-terminal fragment. Primers 18 and 19 were used to 
generate a 0.5kb C-terminal fragment. Overlapping PCR was done using the 
above PCR products to construct the mutated gene in the presence of primers 15 
and 18. Amp": ampicillin resistance gene. 144 
(AGCT) or Haelll (GGCC). All of them are sensitive to cytosine modification 
when their internal cytosine residues (underlined cytosine in the recognition 
sequences) are modified at the C5 position. 
8.3 Results and Discussion 
8.3.1 Construction, Expression and Purification of Q193G mutein 
The nucleotide sequence of the PGR generated fragment was 
sequenced by dideoxy-sequencing method (section 2.3) and showed in Fig. 8.5. 
The nucleotide sequences CAG (at position 807-809) coding for Gin residue were 
mutated to GGG coding for Gly residue. 
E. coli BL21 (DE3) [plysE, pET3a-M38 (Q193G)] expresses 
Q193G mutein which accounts of about a few percent total cellular protein upon 
0.4mM IPTG induction. The elution condition of Q193G was identical to the 
polypeptide a and the protein was purified to >95% homogeneity (Fig. 8.6). 
8.3.2 Determination of Molecular Weight and Isoelectric point of 
Q193G 
The denatured molecular weight of the purified Q193G mutein was 
determined by 12% SDS-PAGE to be 38KDa (Fig. 7.14) and a pi value of about 
8.7 (Fig. 7.15). These matched very well with the polypeptide a since they only 
differ in one amino acid. 
8.3.3 In vivo and in vitro methylation activity of Q193G Mutein 
Recombinant plasmid pET3 a-M3 8 (Q193 G) was extracted from the 
expressing E. coli host both in un-induced and induced state. Interestingly, 
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Fig. 8.5 Dideoxy-sequencing on pET3a-M38 and pET3a-M38 (Q193G). 
The CA nucleotides (left) were mutated to GG nucleotides (right) at positions 807 
and 808 leading to Gin-193 —> Gly-193 mutation. The mutated nucleotides are 
marked. 
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Fig. 8.6 Purification profile of Q193G mutein from BL21 (DE3) [plysE, 
pET3a-M38 (Q193G)]. Lanes: 1 and 7, low molecular weight marker 
(Pharmacia); 2, total bacterial lysate; 3，bacterial lysate supernatant; 4，Econo-FFS 
pool; 5, Affi-gel Heparin agarose pool; and, FPLC-MonoS pool. 
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plasmid pET3a-M38 (Q193G) was completely digested by a 10-fold excess of 
R.£:coHK31I in vitro, suggesting the plasmid DNA was not protected in vivo 
(data not shown). On the other hand, plasmid pET3a-M38 expressing polypeptide 
a was protected from the digestion ofR.£'coHK3 II (section 7.3.5.3). 
In vitro methylation protection assay on non-methylation lambda 
DNA showed that the specific activity of polypeptide a and Q193G mutein when 
mixed together with equal molar of polypeptide p was both about 3xlO^U/mg (Fig. 
8.7). Probably, the conditions for in vitro complementation were not optimal in 
imitating the in vivo difference or together with polypeptide P, the adverse effect 
of mutation from Gin-193 to Gly was minimized. 
8.3.4 Recognition Specificity of Q193G Mutein 
All the putative EcoHK3ll sites on non-methylated lambda DNA 
pre-treated with Q193G and polypeptide (3 were fully protected from R.EcoHK3 II 
cleavage (Fig. 8.7). SV40 or ^X174 RFI DNA molecules pre-treated with Q193G 
and polypeptide p could be digested with Pst I (CTGCAG), PvuIL (CAGCTG), 
AM (AGCT) or Haelll (GGCC) (Fig. 8.8). If Q193G is indeed critical to the 
recognition of the external G in the recognition of YGGCCR, changing Gin-193 is 
likely to relax the recognition of this G residue to A, T, or C. Although we could 
not exhaustively examine all the possible degenerate or non-palindromic sequences 
that Q193G mutein recognized, no change of methylation specificity was found as 
the above restriction enzymes could digest the modified DNA. 
From the above observations, we may conclude that Gin-193 is 
unlikely to involve in recognition specificity of EcoHK3 II. On the other hand, the 
lost of in vivo protection on pET3a-M38 (Q193G) suggested that Gin-193 is 
147 
1 2 3 4 5 6 7 8 9 1011 1ZI314I5I617I819Z0 
• 
Fig. 8.7 In vitro modification by M.EcoHK311 polypeptide a or Q193G 
mutein in the presence of polypeptide P on non-methylated lambda DNA. 
Details were described in section 6.2.3.1. Lanes: 1-10，DNA samples were treated 
with serial-diluted (i.e. L^ IM , O . S^M, 0.25|liM, . . .) M . E C O H K 3 1 I polypeptide a; 
and 11-20, DNA samples were treated with serial-diluted (i.e. l|iM, O.SjiM, 
0.25^M, ...)Q193G mutein. 
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Fig. 8.8 Cleavage specificity of Q193G mutein. Lanes: 1, SV40; 2， 
(|)X174; 3，SV40 PvwII digest; 4，^X\74 Nrul digest; 5, SV40 Pstl digest; 6，SV40 
EcoHK31I digest; 7，(t)X174 ^coHKSlI digest. Lanes: 8-12, same as lanes 3-7, 
except DNAs were modified by Q193G mutein and polypeptide P before enzyme 
digestions. 
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important in enhancing the activity of polypeptide a. Nevertheless, 
crystallographic study of M.£'coHK31I-DNA complex is needed to understand the 




To date, about 200 type II restriction enzymes recognizing different 
specificities have been discovered. Restriction enzymes and their corresponding 
methylases recognize same DNA sequences but carry out totally different chemical 
reactions. In the presence of Mg2+，restriction enzyme cleaves the phosphodiester 
bond on or adjacent to their recognition site (usually 4-8bp in length); the 
corresponding methylase requires AdoMet for modification. Because restriction 
enzymes and methylases are so specific and because their specificities are so 
varied, they offer exceptional opportunities for investigating protein-DNA 
interactions. 
We have cloned the genes coding for the complete R-M system of 
EcdHK3\l from a clinically-isolated E. coli strain HK3L EcdHK2\l is an 
isoschizomer of a commercially available expensive enzyme Eael (US$50/100U, 
New England Biolabs catalog, 1993-94). The ^coHK31IR gene was cloned into 
an expression vector pTrc99A and the enzyme was purified to near homogeneity. 
With the yield of 1.2xlO^U/g wet cells, the price is expected to be more attractive 
than Eael. Also, about 2mg of highly purified endonuclease was obtained from 2L 
induced culture. This offers the opportunity to further study the structure-function 
relationship of this enzyme. 
In the process to clone the concerned R-M system, E. coli GM2163 
or K802 which are McrEC deficient were used. In fact, the transformation 
efficiency of the plasmid DNA plysSMl.3 which carries the ^coHK3 IIM gene into 
BL21 (DE3), JM109 (DE3) or DH5a was extremely low. This showed that the 
expressed M.及oHK31I is a m5C-MTase which induced theMcrBC restriction in 
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the host. McrEQ restricts DNA containing modified cytosine residue in the 
sequence ITC (Raleigh, 1992). Similar phenomenon was observed when the 
^coHK31IM gene resided in pET3a-M38 was transformed into BL21 (DE3) 
； p l y s S ] . Nevertheless, higher transformation efficiency was obtained in BL21 
(DE3) [plysE] which strongly suppress basal expression of the cloned gene. The 
above observation also suggested that M.EcoHK3ll modified the internal cytosine 
in the recognition sequence YGGCCR. This was confirmed by the Haelll 
digestion experiment in section 6.3.2. 
The basic structure of atypical mC5-MTase contains ten conserved 
motifs and a variable region separating motifs VIII and IX (Posfai et al, 1989; 
Lauster, 1989). The variable region which is unique for different enzymes is 
responsible for specific DNA recognition. The conserved motifs contain invariant 
amino acids for the chemistry common to all MTases. 
To date, two motifs have been assigned functional roles related to 
the common chemistry of these enzymes. Motif I (FxGxG) of the mC5-MTases is 
similar to a weakly conserved motif shared by other AdoMet-dependent MTases 
(Klimasauskas et al., 1989; Ingrosso et al., 1989) and is presumed to be at the 
cofactor binding site. Motif IV contains an invariant Pro-Cys dipeptide that is 
known to be part of the catalytic site. It contains the nucleophilic thiol proposed 
by Wu and Santi (1985), based on several criteria: analogy to thymidylate synthase 
which also contains conserved Pro-Cys dipeptide (Santi and Danenberg, 1984; 
Santi and Hardy, 1987); mutagenesis leading to loss of function in M.EcoRll 
(Wyszynski et al., 1993), U m a l (Mi and Roberts, 1993), M.Haelll (Chen et al, 
1993)，and Dcm (Hanck et al., 1991); direct identification of the residue covalently 
attached to carbon-6 in the trapped intermediates formed with the suicide substrate 
5-fluorodeoxycytosine (5FdC) (Klimasauskas et al., 1994). This covalent bond 
between Cys-81 and carbon-6 of cytosine is clearly visible in the MJf/^al-DNA 
structure. Our M.EcoHK3 II polypeptide a also contains the FxGxG and the Pro-
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Cys sequence (Fig. 9.1). Hence, it seems that this protein can interact with S-
adenosylmethionine and carry out modification reaction on the target DNA. 
The variable region between motifs VIII and IX is known to define 
the sequence specificity of both mono-specific and multi-specific mC5-MTases. In 
the multi-specific enzymes, a point mutation in the variable region is capable of 
abolishing one target specificity while leaving the others intact. By mapping these 
mutations as well as determining the specificity of chimeric multi-specific MTases, 
Trautner's group was able to define and eventually swapped target recognition 
domains (TRDs) within the variable region (Balganesh et al., 1987; Trautner et al, 
1988; Wilke et al, 1988). Hybrid swap experiments in the mono-specific MTases 
established that not only did the variable region determine the sequence-specificity, 
but also the choice of the specific base to be methylated within the target sequence 
(Klimasauskas et al., 1991; Mi and Roberts, 1992). The mono-specific MTase 
experiments also indicated that motif IX was capable of increasing the activity of 
the hybrid when it was swapped along with the variable region (Klimasauskas et 
al., 1991). In M,EcoHK3 II, polypeptide a contains most of the conserved motifs 
found in m5C-MTases, except motif IX which is found in polypeptide P. It appears 
that two frameshift mutations have occurred in the M.^coHK3 II gene flanking the 
motif IX. We found that M.EcoHK3 II polypeptide a alone could not cany out 
methylation in vitro. In the presence of the polypeptide (3, in vitro methylation 
activity was resumed (Fig. 7.18 and 7.19) and the rate of methyl group transfer 
also increased 25.5-fold (Table 7.4). 
Zhang et al. (1993) demonstrated that removal of the amino-
proximal third (82/254 codons) of the variable region o f M ^ M still retains full in 
vivo MTase activity. In M.£'coHK31I, polypeptides a and p possess unique long 
string of sequence preceding motifs X and IX，respectively. The sequence 
preceding motif X in polypeptide a appears to be the variable region while that 
preceding motif IX in polypeptide P is unknown. It would be of interest to swap 
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these two corresponding sequences to elucidate if the concerned sequence in 
polypeptide P also function as a variable region. 
Sequence comparison on the putative variable region of 
M.EcoHK31I polypeptide a and M.Hhal reveals a highly conserved region 
DKQGQGER (aa 191-198) in the former which is similar to the Gly-rich region 
GKGGQGER (aa 233-240) in the latter (Klimasauskas et al., 1994; Kumar et al, 
1994). This Gly-rich recognition loop belongs to one of the target recognition 
domains of M.Hhal. X-ray crystallographic structure of M./f/^al-DNA complex 
revealed that this loop has a close contact with the 5, half of the recognition 
sequence GCGC. Therefore，this region ofM.EcoHK3 II polypeptide a is likely to 
make close contact with specific target DNA for recognition. Another weakly 
consensus sequence T(V/I/L)XXXXXXG(V/L) in the target recognition domain， 
as proposed by Lauster et al (1989), has also been identified in MJlhal . This 
recognition loop TLSAYGGG (aa 250-257), revealed by crystallographic data, 
contains a Thr-Leu dipeptide which is crucial in positioning the loop to the target 
cytosine residue in the recognition site. Thr-Leu dipeptides are found in the 
putative M.EcoBK3ll polypeptide a preceding motif X and the sequence 
preceding conserved motif IX in polypeptide p (Fig. 9.1) but the one responsible 
for target recognition is unclear. Mutagenesis and deletion experiments on both 
polypeptides may provide a complete picture on the residues involved in DNA 
recognition. 
X-ray crystallographic structure of M.Hhal shows that it is 
structurally divided into three parts: large and small domains and a hinge region 
linking the two together (Fig. 9.2). The first part of motif IX interacts with the 
variable region and forms part of the small domain while the rest of motif IX and 
the first part of motif X forms the hinge region. The hinge region joins the large 
and the small domains and forms the bottom of the cleft for the DNA to fit in 
(Cheng et al., 1993; Klimasauskas et al., 1994). In MEcoHK31I, motif IX is 
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FYTYAKLIEE R K £ E W L I I E N V P ^ L N S H N G Q D F K W I D T L VEFGYGVSWR 1 5 0 
V I I I 
V L D M Y F G T P QRRRRVYIVA SLGDMRSARV LFEPGATRIV DKQGQGERAN 2 0 0 
ASGASATGLS KADIYSIQHA SIGRKATAGP QAKGYRNDGE TYTLDSRGSS 2 5 0 
X 
DAVCAPDAAF RVRASTGISR ELDSNRFRAV GNA^^AYPIVE WLGKRIVLVD 3 0 0 
QQVLNEALS 3 0 9 
M.^coHK31I p o l y p e p t i d e 6 
MQNSSKKESL NGLLLKMFPD CSTATMDKTS KLSSIRWSNS GMAFRGEYWM 5 0 
QNTLEHPSVE EECTLSQVLE TCAPLESFLN P E Q L E S L I N R AKERGQMLPE 1 0 0 
PLLQAYQKQI SILSSMQVLD EKQPQDLKQK DTGTMEKPTL LTQEEVQMLY 1 5 0 
IX 
VRRMLPSEYE RL^GFPENWT L I D S E Q 1 7 6 
•I 
Fig. 9.1 Amino acid sequences of M.EcoBK311 polypeptides a and p. 
Invariant residues are bold-faced, conserved residues are underlined. The ten 
conserved motifs are marked with Roman letters. 
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Fig. 9.2 Ribbon diagrams showing the domain organization of MJIhal 
(Cheng et al” 1993) . The large (aa 1-193 and aa 304-327) and small (amino 
acids 194-275) domains are marked. The AdoMet is omitted from (a). The six 
highly conserved motifs are colored (red, motif I, F-G-G; yellow, motif IV，PC; 
green, motif VI, ENV, cyan, motif VIII, Q-R-R, magenta, motif IX; dark blue, 
motif，X，GN). The cleft is large enough to accommodate DNA, side view 
showing the proposed DNA-binding cleft. Shown in (b) is the view into the cleft. 
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missed from polypeptide a but found in polypeptide p which is translated within 
the ORF of polypeptide a . As explained before, we expect polypeptide a to be 
responsible for the binding of AdoMet, DNA recognition and carrying out the 
actual catalytic process. Qn the other hand, motif IX in polypeptide p seems to 
assist the docking of DNA in the correct position and hence in its presence, the 
activity of polypeptide a is greatly enhanced. Nevertheless, how motif IX in 
polypeptide p fit into polypeptide a has to be revealed by further structural 
analysis. 
Using M.Hhal as the template, a partial 3-dimensional structure of 
U.EcoBK3ll polypeptide a was modeled by Dr PC Shaw. In this model，the 
spacial organization of the amino acids interacting with its DNA substrate 5，-
TGATGGCCATATC-3，was conserved. An interesting observation was found 
that the side chain of Gin-193 pointed towards the 06- of the external guanine 
base in the target sequence YGGCCR. On the contrary, the corresponding Gly-
235 in M.Hhal has no direct interaction with the adenine base in the sequence 
AGCGCT, We expected that Gin-193 may interact with this base for sequence 
discrimination. By using overlapping mutagenic PGR, a Q193G mutant (Fig. 8.4) 
was constructed and over-expressed in E. coli host. Generation of the Q193G 
mutein did not protect plasmid pET3a-M38 (Q193G) in vivo. In vitro 
complementation experiment in the presence of polypeptide p showed the mutein 
Q193G elicit activity similar to M.£coHK31I polypeptide a (Fig. 8.7). Therefore, 
it seems that Gin-193 in polypeptide a is not critical for sequence specificity 
although the amino acid residue may play a role to enhance the activity of 
polypeptide a in vivo. Further crystallographic studies are needed to understand 
the exact function of this amino acid residue. 
The cloned ecoHK3lM gene translates two polypeptides and they 
complement with each other for DNA modification. The polypeptide p which 
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contains conserved motif IX is translated within the ORF of polypeptide a . It is 
likely that in the course of evolution, two frameshift mutations have occurred to 
translocate the sequence encoding polypeptide P to another reading frame. In the 
future, we may test this hypothesis by constructing a hybrid methylase which 
contains all the conserved motifs (I-X) in the sequence. To find the critical amino 
acids in polypeptide P which are important for DNA modification, we may mutate 
this polypeptide at random and study in vitro complementation activity with 
polypeptide a . To test the importance of motif IX in polypeptide P, a candidate 
residue to be mutated is Arg 152. Gunn and Stein (1993) reported the isolation of 
a non-functional Ngoll methylase (GGCC) from a naturally occurred Neisseria sp. 
that the conserved Arg residue in motif IX is changed to Trp and this Arg residue 
can be found at position 152 in U.EcoHK3 II polypeptide p. 
The cloned EcoHK3 II R-M system will be used to over-express the 
concerned proteins for commercial and academic purposes. Besides，the genes and 
the antibodies may be used as probes to study their distribution in infectious 
Enterobacteriaceae (e.g. E. coli and Shigella) in Hong Kong, as Miyahara and his 
colleagues in Japan found that specific restriction enzymes were detected in three 
serotypes oiSalmonella spp. isolated from human (Miyahara et al, 1990). 
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Buffers for ENases digestion 
LSB lOmM Tris-HCl (pH7.5) 
lOmM MgCl2 
ImM DTT 
MSB 50mM NaCl 
lOmM Tris-HCl (pH7.5) 
lOmM MgCl2 
ImM DTT 
HSB lOOmM NaCl 
50mM Tris-HCl (pH7.5) 
lOmM MgCl2 
ImM DTT 
6x gel-loading buffer 
0.25% bromophenol blue 
40% (w/v) sucrose in water 
60mM EDTA (pH8.0) 
Stored at 4"C 
LB (Luria-Bertani) medium 
Per liter 
Bacto-tryptone lOg 
Bacto-yeast extract 5g 
NaCl lOg 







concentrated stock solution (lOx) 
Per liter 
Tris base 242g 
Glacial acetic acid 57.1ml 




0.089M Boric acid 
concentrated stock solution (5x) 
Per liter 
Tris base 54g 
Boric acid 27.5g 
0.05M EDTA (pH8.0) 20ml 
TE 
pH7.4 
lOmM Tris-HCl (pH7.4) 
ImM EDTA (pH8.0) 
pH8.0 
lOmM Tris-HCl (pH8.0) 
ImM EDTA (pH8.0) 
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